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ZARPELON, A.C. Participagdo da IL-33 em modelos de resposta inflamatoéria inata e
dor neuropatica em camundongos. Tese — Departamento de Patologia, Centro de

Ciéncias Biologicas — Universidade Estadual de Londrina.

A IL-33 € um membro da familia de citocinas IL-1, que sinaliza via receptor ST2.
Essa citocina esta envolvida na dor induzida pela resposta imune adaptativa,
entretanto, pouco se sabe a respeito do papel da IL-33 em modelos de resposta
imune inata e dor neuropatica. Nesse trabalho demonstramos os mecanismos pelos
quais a IL-33 contribui para inflamacao inata induzida pela carragenina. Além disso,
foi investigado o papel da IL-33 em modelo de neuropatia induzido pela injuria por
constricdo crbnica do nervo ciatico em camundongos. No primeiro momento,
avaliamos se a carragenina e a IL-33 eram capazes de induzir a resposta
inflamatéria em animais BALB/c (selvagem) e deficientes para o receptor ST2
através da avaliacdo dos parametros: edema, atividade de mieloperoxidade,
hiperalgesia mecéanica, citocinas, expressdo de RNA mensageiro e tratamentos
farmacoldgicos inibindo o recrutamento leucocitario (fucoidina), TNFa (infliximab),
CXCL1 (anticorpo contra CXCL1), IL-1 (antagonista do receptor da IL-1),
endotelinas, receptor ETa (clazosentan) e ETg (BQ788) e ciclooxigenase
(indometacina). A fim de avaliar o papel da IL-33 na dor neuropatica, a hiperalgesia
mecéanica também foi avaliada, os niveis de citocinas foram determinados por
ELISA, ativacdo de proteinas foi determinada pelo método de western blot e, além
disso, foram utilizadas ferramentas farmacolégicas para alvos especificos. A injuria
por constricdo cronica foi induzida por ligagdo no nervo ciatico. Diferencas
estatisticas foram consideradas significativas para p<0.05. Os procedimentos foram
aprovados pelo Comité de Etica da Universidade de S&o Paulo e Universidade
Estadual de Londrina. Os resultados demonstraram que a administragcdo de
carragenina aumentou a expressao de RNAm para ST2 e IL-33 e a producéo de IL-
33 em amostras de pele de pata. Aléem disso, a administracdo de carragenina na
pata induziu edema, hiperalgesia mecanica e atividade de mieloperoxidase, que foi
reduzida nos animais ST2" em comparagao com os selvagens, os mesmos efeitos

foram observados pela administracao de IL-33 na pata. A hiperalgesia induzida pela



IL-33 foi reduzida pelo tratamento com fucoidina, sugerindo o papel do recrutamento
de leucécitos no efeito hiperalgésico. Em animais naive a hiperalgesia induzida pela
IL-33 foi reduzida pelos tratamentos farmacoldgicos para os seguintes alvos, TNF-q,
CXCL1, IL-1, receptores de endotelina e ciclooxigenase, enquanto que a producao
de TNF-a, CXCL1, IL-1B, IL-10 e PGE,, bem como, a expressdo de RNAmM para
prepro-ET-1 induzidos pela carragenina foram dependentes do receptor ST2. A
administracdo combinada de IL-33 e carragenina, em doses submaximas em
tratamento Unico, induziu hiperalgesia, edema, atividade de mieloperoxidase e
producédo de citocinas de maneira dependente de ST2. Investigando o papel da IL-
33 na dor neuropética, foi demonstrado que a injaria por constricdo crénica induz
uma producdo significativa de IL-33 na medula espinal (L4-L6) e aumento da
hiperalgesia durante 20 dias, comecando 3 dias apds a cirurgia, a qual foi inibida em
camundongos deficientes para ST2. A administracao intratecal (i.t.) de IL-33 induziu
a hiperalgesia de maneira dose-dependente, que foi inibida nos camundongos ST2™
e TNFR1” e pelo tratamento com o antagonista do receptor da IL-1, bem como
induziu a producdo espinal de TNFa and IL-18. A hiperalgesia induzida pela
administracao i.t. de IL-33 foi reduzida pelo tratamento com inibidores de PI3K,
mMTOR, MAP kinases (p38, ERK e JNK) e NFkB. Corroborando, a injaria por
constricdo cronica induz a ativagdo espinal de PI3K, AKT, mTOR, MAP kinases e
NFkB, verificado pelo método de western blot, o que foi reduzido nos camundongos
ST2". O tratamento com minociclina e fluorocitrato inibiu a hiperalgesia induzida
pela IL-33 e pela injaria por constricdo cronica, e nos animais deficientes para o
ST2", houve reducdo na ativacdo de GFAP e Iba-1 na medula espinal. Dessa
forma, a sinalizacdo IL-33/ST2 é importante na producdo de mediadores
inflamatoérios contribuindo para a inflamacgéo induzida pela carragenina. Além disso,
a via IL-33/ST2 medeia a dor induzida pela injaria por constricdo cronica pela
ativacdo de mecanismos espinais importantes, que incluem PI3K/AKT, mTORC1 e
2, MAPK (p38, ERK e JNK) e NFkB. Esses dados reforcam a importancia da

sinalizacdo IL-33/ST2 como alvo na dor inflamatéria e neuropética.

Palavras-chaves: IL-33, carragenina, dor neuropatica, sinalizacao espinal e células

da glia.



Abstract

ZARPELON A.C., Role of interleukin-33 in models of innate immune inflammation
and neuropathic pain in mice. Thesis — Department of Pathology, Biological

Sciences Center — Universidade Estadual de Londrina.

IL-33 is a member of IL-1 family that signals through ST2 receptor. This cytokine is
involved in adaptive inflammation-induced pain, however, the role of IL-33 on innate
immune inflammation and neuropathic pain remains unknown. We report here the
contribution of IL-33/ST2-triggered mechanisms to carrageenin-induced innate
inflammation. Furthermore, it was investigated the role of IL-33 in chronic
constriction injury of the sciatic nerve (CCl)-induced neuropathic pain in mice. In a
first set of experiments, carrageenin- and IL-33-induced inflammatory responses
were assessed in BALB/c- (WT) and ST2-deficient (") mice as follows: oedema,
myeloperoxidase activity, mechanical hyperalgesia, cytokine levels, PGE,;, mRNA
expression, drug treatment targeting leukocyte recruitment (fucoidin), TNF-a
(infliximab), CXCL1 (antibody to CXCL1), IL-1 (IL-1ra), endothelin ETa (clazosentan)
and ETg (BQ788) receptors and COX (indomethacin). In orther to evaluate the role
of IL-33 in neuropathic pain, mechanical hyperalgesia was also evaluated. Moreover,
cytokine levels were determined by ELISA, protein activation was determined by
western blot and specific targets were inhibited by pharmacological tools. CCl was
induced by one ligation of the sciatic nerve. Statistical differences were considered
significant for P<0.05. Procedures were approved by the Ethics Committee of
University of Sao Paulo and Londrina State University. The result of our first study
demonstrated that carrageenin injection increased ST2 and IL-33 mRNA expression
and IL-33 production in paw skin samples. Furthermore, carrageenin-induced paw
oedema, hyperalgesia and myeloperoxidase activity were reduced in ST2"
compared with WT mice as well as carrageenin effects were mimicked by IL-33
injection in the paw. Furthermore, IL-33-induced hyperalgesia was reduced by
fucoidin suggesting a role for recruited leukocytes in its hyperalgesic effect. IL-33-
induced hyperalgesia in naive mice was reduced by treatments targeting TNF,

CXCL1, IL-1, endothelin receptors and cyclooxigenase while carrageenin-induced



ST2-dependent TNFa, CXCL1, IL-1B, IL-10 and PGE2 production and preproET-1
MRNA expression. Combining IL-33 and carrageenin at doses that were ineffective
as single treatment induced significant hyperalgesia, oedema, myeloperoxidase
activity and cytokine production in a ST2-dependent manner. Investigating the role of
IL-33 in neuropathic pain, we demonstrate that CCI induced significant 1L-33
production in the spinal cord (L4-L6) and hyperalgesia during 20 days starting 3 days
after surgery, which was inhibited in ST2" mice. intrathecal (i.t.) injection of IL-33
induced dose-dependent hyperalgesia, which was inhibited in ST2” and TNFR1”
mice and by IL-1ra as well as IL-33 induced spinal production of TNFa and IL-1p.
The hyperalgesia induced by i.t. injection of IL-33 was diminished by inhibitors of
PI3K, mTOR, MAP kinases (p38, ERK and JNK) and NFkB. In agreement, CClI-
induced spinal activation of PI3K, AKT, mTOR, MAP kinases and NFkB were
reduced in ST2” mice compared to WT mice as determined by western blot. The
treatment with minocicline and fluorocitrate inhibited IL-33-induced hyperalgesia and
CCl-induced spinal activation of GFAP and Iba-1 were inhibited in ST2"" compared
to WT mice. Therefore, 1L-33/ ST2 signaling triggers the production of inflammatory
mediators contributing to carrageenin-induced inflammation. Furthermore, IL-33/ST2
signaling pathway mediates chronic constriction injury-induced pain by activating
important spinal mechanisms including PISK/AKT, mTORC1 and 2, MAPK (p38,
ERK e JNK) and NFkB. These data reinforces the importance of IL-33/ST2 signalling

as a target in inflammatory and neuropathic pain.

Key words: IL-33, carrageenin, neuropathic pain, spinal signaling and glial cells.
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Z. Introducdo

1.1. Dor Inflamatéria

A injuria tecidual resulta em inflamacéo e dor inflamatoria, tais como as dores
articulares, dor pGs-operatéria e injuria do nervo ciatico (JI et al., 2011). A dor é uma
experiéncia complexa que envolve ndo somente a transducéo de sinais prejudiciais
no microambiente, mas também alteracdes cognitivas e emocionais (JULIUS &
BASBAUM et al., 2001). Atualmente a dor é definida, pela Associacao Internacional
para o Estudo da Dor (IASP), como sendo “uma experiéncia emocional e sensorial
desagradavel associada ou ndo com lesao tecidual real, ou potencial, ou descrita
em termos de tal leséo”.

A capacidade do organismo em reconhecer a existéncia de um processo
danoso torna a dor um sintoma clinicamente importante, pois proporciona um “sinal
de alerta”. Entretanto, de forma inapropriada através do reconhecimento de
componentes do organismo como sendo ndo préprios pelo sistema imune, a
inflamacgé&o acaba sendo prejudicial, contribuindo para o estabelecimento das lesdes
teciduais.

A dor inflamatoria resulta da sensibilizacdo e ativacdo dos neurbnios
periféricos por mediadores inflamatoérios finais, tais como as prostaglandinas e
aminas simpaticas. Os produtos das ciclooxigenases (COX), as prostaglandinas,
principalmente da série E, sdo metabdlitos resultantes da agdo das COXs sobre o
acido araquidénico. Em condicdes fisioldgicas, o acido araquidbnico encontra-se

esterificado nos fosfolipideos de membrana, e durante o processo inflamatério a
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enzima fosfolipase A, é capaz de mobiliza-lo, sob a acdo de estimulos quimicos,
mecanicos e produtos microbianos (FERREIRA & VANE, 1967). O reconhecimento
desses mediadores se da por diferentes receptores presentes no neurénio aferente
primério ou nociceptor. Além das prostaglandinas (PGE,), que séo capazes de
induzir dor (FERREIRA et al.,, 1972), as aminas simpaticas (noradrenalina,
adrenalina e dopamina) sao capazes de induzir nocicepgcdo em ratos (NAKAMURA
E FERREIRA, 1987). A liberacdo dos mediadores finais, geralmente & precedida
pela liberacdo dos mediadores intermediarios, sendo 0s principais, as citocinas,
como o fator de necrose tumoral (TNF-a), interleucina (IL)-1p e IL-8.

O termo nociceptor, pode ser utilizado para definir o neurdnio primario como
um todo, ou somente suas terminacdes nervosas livres, sendo que neste trabalho,
quando se utilizar esse termo, estara tratando do neurénio nociceptivo (RAHMAN et
al, 2013). A estimulacdo dos nociceptores faz com que a informag&do nociceptiva
seja conduzida através das fibras aferentes primarias (neurdnios de primeira ordem)
ao sistema nervoso central (SNC), as quais estdo subdividas em trés principais
grupos. As primeiras possuem amplo diametro de corpo celular, sdo altamente
mielinizadas e conduzem o estimulo rapidamente, sendo conhecidas como fibras
AB. Estas fibras sdo capazes de detectar estimulos inécuos aplicados a pele e
musculos, entretanto ndo contribuem para dor. Por outro lado, existem as fibras de
baixo e médio diametro de corpo celular, sendo que as fiboras C néo sao
mielinizadas e conduzem o estimulo lentamente, e as finamente mielinizadas que
conduzem os estimulos mais rapidamente, chamadas de fibras Ad. Desde entéo,
tem se assumido que as fibras Ad e C, medeiam a primeira e segunda dor,
respectivamente. Além disso, a atividade de algumas fibras C € devidamente dificil

de identificar, e sdo chamadas de “silenciosos” ou “dormentes”, respondendo
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somente quando sdo sensibilizados pela injuria do tecido (JULIUS & BASBAUM et
al., 2001).

Os mediadores inflamatorios causam a sensibilizacdo dos neurbnios
aferentes primarios e consequente diminui¢cdo do limiar de ativacdo desses. Esse
aumento de excitabilidade dos neurdnios aferentes contribui para hipersensibilidade
a dor, a qual é caracterizada por trés fendmenos principais: hiperalgesia (resposta
exacerbada a um estimulo doloroso), alodinea (resposta nociceptiva a estimulos
anteriormente nao dolorosos) e dor espontanea.

Os terminais periféricos ao nociceptor expressam receptores para 0S
diferentes mediadores inflamatérios, e a ativacdo destes causa a hiperatividade de
moléculas de transicdo, tais como o receptor de potencial transitorio subtipo V1
(TRPV1) e Al (TRPA1), e moléculas de condugéo tais como os canais de sodio Nav
1.7, 1.8 e 1.9. Como resultado a sensibilidade e excitabilidade dos nociceptores é
aumentada, via ativacdo de proteinas quinases, tais como proteina quinase A
(PKA), PKC e proteinas quinases ativadas por mitdbgenos (MAPK) (JI et al., 2011;
BASBAUM et al., 2009).

Até o momento foram identificados nove subtipos de canais de sédio, os Nav
1.1, 1.6 — 1.9 séo altamente expressos no ganglio da raiz dorsal (DRG), sendo que
os canais Nav 1.7 — 1.9 estdo presentes preferencialmente nos neurdnios
periféricos, portanto extremamente associados as condicbes de dor inflamatoria
cronica. Aléem dos canais de sodio, os canais de célcio também tém grande
potencial como mediadores da dor e inflamac&o nos nociceptores periféricos. Os
canais de sédio e calcio estdo sendo estudados a fim de estabelecer bloqueadores
seletivos, objetivando estratégia terapéutica para o tratamento das dores crbénicas

(RAHMAN et al., 2013).
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As respostas desordenadas decorrentes da diminuicdo do limiar de
excitabilidade neuronal e consequente ativacdo de proteinas quinases contribuem
para a evolucdo da inflamacéo a qual pode envolver as condi¢cdes presentes na dor
neuropatica, além disso, a persisténcia e severidade progridem de acordo com o
dano neuronal e extensao do dano tecidual (RAHMAN et al., 2013).

Além dos mediadores inflamatérios que induzem e propulsionam a dor
inflamatéria, varios estudos tem relacionado a presenca dos neutréfilos em doencgas
inflamatérias, evento que é prejudicial ao organismo, contribuindo para o
estabelecimento das lesdes tissulares (WEISSMANN & KORCHAK, 1984; WEISS,
1989). O processo da migracdo de neutrofilos durante a resposta inflamatoria €
intermediado por diferentes mediadores inflamatérios e quimiotaticos, os quais
promovem aumento nas interagbes de neutrofilos com células endoteliais,
favorecendo a migracdo dos leucocitos das vénulas pos-capilares para o tecido
inflamado (HUTTENLOCHER et al., 1995).

Uma vez presente no sitio inflamatério, os neutrofilos sédo capazes de
fagocitar, destruir e degradar os microrganismos, sendo a destruicdo destes
realizada por mecanismos dependentes de oxigénio, nitrogénio e enzimas
proteoliticas. Entretanto, as quantidades de peroxido de hidrogénio formado, néo
sdo capazes de induzir destruicdo eficaz dos microrganismos. No entanto, o0s

granulos azurdfilos (lisossomos verdadeiros ou granulos primarios) dos neutroéfilos

contém a enzima mieloperoxidase (MPO), que na presenca de ions CI_, converte o
peroxido de hidrogénio em hipoclorito, sendo este importante para a destruicdo do

agente injuriante (KLEBANOFF et al., 1970).
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1.2. Respostainflamatoria inata

Dentre os modelos utilizados para resposta inflamatoria inata, destaca-se a
administracdo intraplantar de carragenina. A carragenina € um polissacarideo
sulfatado com massa molecular relativa acima de 100 KDa, derivado de algas
marinhas vermelhas da classe Rhodophyceae. A carragenina nédo tem valor
nutritivo, contudo tem sido largamente utilizada na presenca de alimentos durante
séculos. Ela apresenta propriedades de gelificacdo, espessamento, emulsificantes e
solubilizacdo de alimentos processados. Em 1969, foi concedido pelo FDA (Food
and drugs administration) um certificado de substancia segura para ser incorporada
em produtos alimentares, desde que utilizada em quantidades suficientes apenas
para obter o efeito desejado.

A carragenina é muito utilizada em modelos experimentais de doencas
inflamatérias devido a sua intensa capacidade de induzir inflamacéo local. Diversos
grupos tem sugerido que o uso cronico da carragenina pode estar associado
diretamente & génese das neoplasias e ulceragfes intestinais. No entanto, ela
continua sendo empregada como aditivo alimentar (MARCUS & WATT, 1981;
MARCUS, 1981; EKSTROM et al., 1983).

Sabe-se que a imunidade inata consiste em barreiras que impedem a entrada
de materiais nocivos ao organismo, dentre elas a pele e 0 muco, entretanto, se um
antigeno ultrapassar as barreiras externas entram em acao outros mediadores do
sistema imune inato, tais como as proteinas do complemento e a familia dos
interferons. A resposta inflamatoria faz parte da imunidade inata, pois o tecido

lesado é capaz de liberar mediadores quimicos como a histamina, bradicinina e

serotonina a fim de eliminar o agente agressor.
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A hiperalgesia inflamatoria é o resultado de modificagdes funcionais nos
neurénios aferentes primarios, por ativacdo metabotrdpica que se extende por todo
neurdnio sensitivo (sensorial). Essas modificagbes funcionais da excitabilidade
neuronal sdo induzidos por mediadores liberados pelo trauma tecidual ou pelo
reconhecimento de produtos resultantes do trauma por células do sistema
imunolégico, como os neutréfilos e macréfagos. Dessa forma, compreende-se que a
liberacdo de mediadores inflamatérios e a migracao de células para o local da injdria
sdo os responsaveis pelos sinais e sintomas inflamatérios (CUNHA et al., 2005;
VERRI et al., 2006).

Diferentes tipos celulares, tais como células dendriticas (DCs), macréfagos,
linfécitos e células da glia, sdo capazes de reconhecer um estimulo inflamatdrio,
desencadeando a liberagdo de uma cascata de citocinas essenciais para o
desenvolvimento da inflamacao e dor inflamatéria, tais como IL-1B3, TNF-a, IL-6,
citocina indutora da quimioatracdo de neutréfilos (CINC-1) e quimiocina derivada de
gueratindcitos (KC), que podem desencadear a producao de outros mediadores.

Atualmente descreve-se que as citocinas sdo mediadores que permitem uma
ligacdo entre a injuria celular, reconhecimento imunoldgico e a presenca de sinais
sistémicos e locais da inflamacao (CUNHA & FERREIRA, 2003; CONTI et al., 2004).
A maioria da citocinas apresenta fungdes multiplas e sdo capazes de responder a
uma diversidade de estimulos (VERRI et al., 2006). No modelo da carragenina,
Cunha e colaboradores em 2005 descreveram a presenca de mediadores
intermediarios (citocinas e quimiocinas) e finais (prostaglandinas e aminas
simpéticas), 0s quais sdo capazes ou ndo de sensibilizar diretamente os

nociceptores.
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Nesse contexto, nosso grupo demonstrou que durante O processo
inflamatorio, induzido pela carragenina, a hipernocicep¢cdo mecéanica é precedida
pela liberacdo de citocinas, principalmente pelo TNF-a e CXCL1/KC, as quais sao
capazes de induzir IL-1B, que por sua vez, € responsavel pela estimulacdo da
sintese de prostaglandinas e consequente liberacdo de aminas simpaticas (CUNHA
et al., 2005). Evidéncias sugerem que os polissacarideos derivados de algas
marinhas regulam a imunidade inata através da ligacdo de receptores de
reconhecimento de padrbes (PRRs), tais como o0s receptores de manose
(receptores do tipo toll - (TLRs)) (TSUJI et al., 2003).

Existem diversas classes de receptores presentes na membrana dos
neutrdfilos, incluindo receptores de sete a-hélices acoplados a proteina G,
receptores Fc, receptores para uma série de citocinas, e 0s receptores da resposta
imune inata, tais como TLRs e lectinas. A ligagdo aos receptores leva a ativagédo de
um complexo celular culminando em fagocitose, liberagdo de granulos
intracelulares, producdo de espécies reativas de oxigénio, liberacdo de armadilhas
extracelulares de neutrdfilos (NETS), migracdo quimiotatica e producao de citocinas
e quimiocinas (FUTOSI et al., 2013).

Na investigacdo de uma nova citocina, é importante utilizar um modelo
amplamente conhecido a fim de avaliar mecanismos ja estudados nesse modelo,
dessa forma, utilizamos o modelo da carragenina para investigacao da participacao
da IL-33 na inflamacgéo inata. Nosso grupo ja desempenhou outros trabalhos com o
mesmo estimulo, evidenciando a atividade anti-inflamatoria de algumas drogas, tais
como a budleina A (VALERIO et al., 2007), frutose-1,6-bifosfato (VALERIO et al.,
2009), quercetina (VALERIO et al., 2009b), acido caurendico (MIZOKAMI et al.,

2012), sal de Angeli (ZARPELON et al., 2013), anetol (RITTER et al, 2013). Além
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disso, j& demonstrou-se a participacdo da caspase-1 na génese da resposta inata
induzida pela carragenina (CUNHA et al., 2010), bem como outras citocinas,
conforme mencionado anteriormente.

Tem sido demonstrado a participacdo da IL-18 na indugdo da hiperalgesia
inflamatéria mediada por prostandides, e modelos de inflamacédo pela administragdo
de carragenina e lipolissacarideo (LPS) (FERREIRA et al., 1988). A hiperalgesia
mecanica induzida por carragenina (Cg) e LPS é reduzida em 50% pelo pré-
tratamento local com anticorpo anti-IL-18 (CUNHA et al.,, 1992). Conhecendo o
papel da IL-1B na hiperalgesia mecanica e modelos de inflamacéo inata avaliamos o
papel da IL-33, uma citocina da mesma familia, na hipernocicepcéo induzida pela

carragenina, um modelo de inflamacé&o inata amplamente estudado (Anexo 1).
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1.3. Dor neuropética

A Associacao Internacional para o Estudo da Dor (IASP) propde que a dor
neuropatica é uma dor que surge diretamente de uma lesdo ou de uma doenca do
sistema somatossensorial. A dor neuropatica € uma dor causada pela injaria do
sistema nervoso, dependendo do local do dano, a dor pode ser classificada como
periférica ou central.

Existem muitas causas da dor neuropdtica periférica, tais como infec¢des,
trauma, anormalidades metabdlicas, quimioterapia, cirurgia, radiacdo, compressao
do nervo e infiltracdo tumoral (DWORKIN et al., 2003). A dor apds a injaria do nervo
€ caracterizada por dor espontdnea (independente do estimulo), alodinea e
hiperalgesia (DWORKIN et al., 2003).

A dor neuropética afeta a qualidade de vida de milhdes de pessoas
atualmente, e frequentemente sdo acompanhadas pela resisténcia as drogas
analgésicas mais utilizadas. Nas ultimas décadas tem sido sugerido que a injaria do
nervo produz alteracdes celulares e moleculares que resultam em plasticidade
neuronal e reorganizagdo no microambiente do local da leséo, ganglio da raiz dorsal
e medula espinal (INOUE et al., 2007).

A injuria do nervo provoca uma reagdo de ceélulas imunes e da glia em
diferentes locais. Macrofagos e células de Schwann facilitam a degeneracdo
walleriana culminando na separacdo de parte do axénio em relacdo ao corpo do
neurdnio devido a lesdo (SCHOLZ & WOOLF, 2007). A primeira citocina que
aparece aumentada em células da Schwann horas apds a injuria € o TNF-a
(CAMPANA et al., 2006). Alem disso, alguns estudos recentes relacionaram o0s

receptores TLRs ao desenvolvimento da dor neuropatica. Os receptores TLR
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pertencem a uma familia de 12 receptores conservados durante a evolugéo, cuja
ligagcdo pode resultar na ativacdo do fator de transcricdo NFkB, aumento da
producdo de interferons e expressdo de citocinas pro-inflamatérias. Em
camundongos TLR2" (KIM et al., 2007) e TLR4” (TANGA et al., 2005), e em ratos
tratados com antisense oligodeoxinucleotideos anti-TLR4 (TANGA et al., 2005) foi
observada reducdo da ativacdo da microglia, da producdo de citocinas proé-
inflamatérias e dor neuropéatica comparado com animais controle apds a lesao
periférica de nervo.

O aumento da sintese e liberacao de citocinas como IL-1j3, IL-6 e TNF-a pode
modular a atividade neuronal e induzir descargas de potencial de acéao.
Corroborando a participagéo de citocinas nesse fenémeno, a superexpressao do IL-
1ra (antagonista de receptor de IL-1) ou delecdo do IL-1R1 (receptor ativado pela IL-
1B) inibe o disparo espontaneo de neurdnios sensoriais (descargas ectdpicas)
(WOLF et al., 2006). Além disso, o blogueio dos sinais induzidos pela IL-18 ou IL-6
atenua a hiperalgesia em modelo de neuropatia (ARRUDA et al., 2000; WOLF et al.,
2006). Por sua vez, o TNF-a tem efeito direto (via seu receptor) aumentado nos
neurbnios sensoriais apés lesdo do nervo, pois tanto as fibras nervosas lesionadas
e ndo lesionadas da vizinhanca tornam-se mais sensiveis a essa citocina
(SCHAFERS et al., 2003). Alem da participacdo de uma via envolvendo a ativagao
dos receptores TNFR1 e MAP quinases como a p38, o TNF-a também atua
aumentando a densidade de canais de soOdio resistentes a tetrodotoxina cuja
ativacao esta relacionada com a hiperagelsia (JIN & GEREAU, 2006).

Em modelos de leséo periférica de nervo ocorre a ativacdo de receptores
TLR-4 em micréglia e como resultado ocorre a producdo de IL-18 de maneira

dependente da MAP quinase p38. Por sua vez, a IL-18 liberada pela micréglia ativa
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astrocitos induzindo a ativacdo de NFkB e consequentemente a producao de outras
citocinas que atuam sensibilizando o nociceptor (MIYOSHI et al., 2008).
Previamente também demonstramos que a IL-18 € uma citocina hiperalgésica em
modelos de inflamacédo periférica (VERRI et al., 2004; 2007; 2008). A IL-18 € uma
citocina da familia da IL-1 que também inclui o seu mais recente membro, a IL-33
(SCHMITZ et al., 2005). A IL-33 induz a hiperalgesia periférica via producdo de
TNF-a e IL-1B (VERRI et al., 2008). Essas citocinas também sdo importantes na dor
neuropatica (NADEAU et al., 2011).

Além disso, SCHMITZ e colaboradores (2005), demonstraram que ocorre a
expressdo de RNAm para IL-33 na medula espinal, bem como na micréglia
(HUDSON et al.,, 2008). Tanto a medula espinal, quanto as células da glia
participam na neuropatia (TANGA et al., 2005), bem como, MAP quinases e NFkB
(TANGA et al., 2005; MIYOSHI et al., 2008). Sendo assim, propds-se a investigar se
a IL-33 é um mediador importante na medula espinal e células da glia para o
aumento da sensibilidade mecanica na neuropatia induzida pela leséo periférica de

nervo.
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1.4. Papel das células da glia nas respostas inflamatoérias

As células da glia sdo um conjunto de células ndo neuronais do sistema
nervoso, de 10 a 50 vezes mais numerosas que 0s neurdnios. So quatro principais
grupos: astrocitos, oligodendrécitos e micrdglia, no sistema nervoso central (cérebro
e medula espinal) e as células satélite, no sistema nervoso periférico.

Dentre os quatro principais grupos, destacamos os astrocitos e a microglia.
Os astrocitos sdo em numero e volume as células mais abundantes, e
correspondem a quase 50% de toda a glia (ALDSKOGIUS & KOSLOVA, 1998). Séo
células de formato estrelado e apresentam filamentos intermediarios constituidos
pela proteina fibrilar acida da glia (GFAP). Estas células sédo capazes de se ligar em
até 6 corpos celulares de uma Unica vez, e permitem a ligacdo neurdnio a capilares
sanguineos. Ja a micrdglia sdo células pequenas e alongadas, com prolongamentos
curtos e irregulares. Sao conhecidas como os fagécitos do SNC e sédo importantes
na inflamacéo, reparacdo e também na secrec¢do de citocinas (GAO & JI, 2010).

Em condicgBes fisiologicas, os astrocitos e as células satélite exercem suas
funcBes ativamente, enquanto que a micrdglia permanece em estado de repouso.
Entretanto, quando ocorre o aumento de calcio intracelular, liberacdo de citocinas e/
ou outros mediadores inflamatérios, bem como a expressdo de receptores na
superficie de neurbnios e outras células da glia, a microglia torna-se ativa
(RANSOHOFF & CARDONA, 2010).

O astrocito tem uma expresséo basal da proteina citoplasmatica fibrilar acida
da glia (GFAP), que é aumentada proporcionalmente a ativacdo da célula. A Iba-1

(molécula adaptadora da ligacdo ao calcio ionizado 1) € uma proteina de canal
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ibnico especificamente expressa em macréfagos e micrdglia, e tem sua expressao
aumentada mediante ativacao (GAO & JI, 2010).

Geralmente na dor neuropatica, acredita-se que as células gliais da medula
espinal estejam envolvidas no aumento e manutengdo da dor. Essas células podem
ser responsaveis pela liberacdo de neuromoduladores, tais como citocinas pro-
inflamatérias, quimiocinas e fatores de crescimento (WATKINS & MAIER, 2002).
Mas ainda nao esté totalmente claro como ocorre a ativacdo das células da glia, ou
mesmo como elas atuam para a indugao e/ou manutencéo da dor.

Alguns mecanismos vem sendo sugeridos para ativacao glial durante a dor
cronica. As fibras nociceptivas, uma vez ativadas pela liberacdo de
neurotransmissores (ATP, glutamato e substancia P), sdo capazes de sensibilizar o
neurdnio nociceptivo secundario, bem como, ativar as células da glia. Uma vez
ativada, a glia libera principalmente citocinas pré-inflamatorias, dentre as quais se
destacam IL-1B e TNF-a. HUDSON e colaboradores (2008) demonstraram que a IL-
33 é produzida apés a estimulacdo de astrécitos com LPS e ATP. Esse estudo
ilustra que a IL-33 pode ter um papel importante na imunidade inata via ativacado das
células gliais. Os mesmos autores acreditam que essas citocinas podem ser a
ligacdo entre o dano tecidual, ativacdo das células da glia e consequente
manutenc¢ao da dor.

Recentemente ZHAO e colaboradores (2013), avaliaram a participacao da IL-
33 em um modelo de dor no cancer, caracterizado por hiperalgesia mecanica,
térmica e dor espontanea. Os autores demonstraram que a IL-33 esta localizada
tanto na microglia quanto nos astrocitos na medula espinal, mas ndo nos neurénios.
A IL-33 uma vez ligada ao seu receptor poderia resultar na ativacado de proteinas

adaptadoras como MyD88, fatores de transcricdo como o NFkB, e MAP quinases.
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Acredita-se que a MAP gquinase ERK seja necessaria para ativacao das células da
glia e desenvolvimento da hiperalgesia na dor do cancer (WANG et al., 2012),
entretanto, o papel da IL-33 na ativacdo de MAP quinases e consequente ativacao
de células da glia ainda necessita de mais estudos.

As citocinas como TNF-a (ZHOU et al., 2010) uma vez liberados pelas células
da glia, na medula ou ganglio da raiz dorsal, sensibilizam a fibra, potencializando e
cronificando o processo doloroso. Ja o papel da IL-33 na ativacao de células da glia

e consequente desenvolvimento da dor neuropatica ainda € desconhecido.
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1.5. IL-33

O receptor para IL-33 foi demonstrado pela primeira vez em 1989. Este foi
originalmente descrito como um soro indutor da secre¢do de proteinas em
fibroblastos murinos (TOMINAGA, 1989). Além desse estudo, BERGES e
colaboradores (1994) demonstraram a existéncia de um Unico gene que expressa
proteinas sollveis e de membrana, além disso, a expressao de cada proteina é
regulada independente, sendo nomeadas como Fil-IS e Fit-IM, os quais sao
pertencentes a familia da IL-1 e podem regular as funcbes fisiolégicas dessa
citocina.

Outro estudo importante detectou que o ST2, também chamado de DER4,
Fit-1 ou T, estava presente na superficie de células estaveis, que é expresso em
células Th2, mas ndo em células Thl. O gene foi detectado em cultura de células
hematopoiéticas da medula éssea de camundongos adultos, sendo expresso em
resposta a estimulacéo por IL-4, mas nao por interferon (IFN)-y. O anticorpo contra
esse receptor aumentou a resisténcia a infeccdo por Leishmania major em animais
BALBI/c, e exacerbou a artrite induzida por colageno, em camundongos DBA. Assim,
0s autores concluiram que o receptor ST2L, poderia ser um importante alvo na
superficie celular durante as respostas imunes (XU et al., 1998).

Anteriormente chamada de NF-HEV (fator nuclear derivado de vénulas
endoteliais altas), Baekkevold em 2003, determinou que esse fator poderia ser
necessario para o controle do endotélio venular. Dois anos depois, Schmitz e
colaboradores (2005), redescobriram a existéncia da IL-33, uma citocina da familia
da IL-1 que sinaliza via receptor ST2 e induz citocinas relacionadas a resposta Th2,
via ativacdo do fator de transcricdo kB (NFkB) e MAP quinases (SCHMITZ et al.,

2005). A familia da IL-1 contem 11 membros: IL-1q, IL-1B, agonista do receptor da
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IL-1 (IL.-1Ra), IL-18, IL-1F5, IL-1F6, IL-1F7, IL-1F8, IL-1F9, IL-1F10 e IL-33.
Citocinas da familia da IL-1, geralmente necessitam de um precursor protéico para
liberacéo da sua forma ativa. Para a atividade da IL-18 é necesséaria uma clivagem
pela enzima ICE (enzima conversora de interleucina 1-B), a qual cliva a pro-I1L-18 em
IL-18 ativa. Schmitz e colaboradores (2005) relataram que a IL-33 necessitaria de
uma clivagem pela caspase-1, para liberacdo de sua forma ativa. Mais tarde, foi
detectado que apesar de pertencerem a mesma familia, os mecanismos envolvidos
de ativacdo sao diferentes, j4 que caspase-1 é capaz de clivar IL-1B e IL-18 durante
a apopose, mas inativa a IL-33 (CAYROL et al., 2009). A inativacdo da IL-33,
provavelmente ocorre para prevenir a liberacdo desta durante um processo de
morte celular que ndo requer resposta inflamatoria.

Ao contrario do que ocorre durante a apoptose, no processo de dano ou
estresse celular, caracterizados pelos processos de necrose e recrutamento de
neutrdfilos, a atividade da IL-33 pode aumentar cerca de 10 vezes. Dessa forma,
tem-se sugerido a acao da IL-33 como um “sinal de perigo”, bem como a alarmina
do grupo Box de alta mobilidade (HMGB)-1. Os mecanismos pelos quais ocorre a
liberagcéo da IL-33 ainda n&o foram completamente elucidados, entretanto, sabe-se
que o dano celular leva a liberagéo da IL-33 (LEFRANCAIS & CAYROL, 2012).

A IL-33 €& encontrada em células endoteliais, células epiteliais (trato
respiratorio, pulméo, estdbmago, trato digestivo vagina e pele), medula espinal,
fibroblastos, 6rgédos linféides (baco, linfonodo) e no cérebro (SCHMITZ et al., 2005).
A IL-33 se liga ao receptor ST2 e a uma proteina acessoria IL-1RAcP, sua acéo
pode ser autOcrina, paracrina ou endocrina. Além disso, existe a forma soltuvel do
receptor (sST2) que foi amplamente encontrada em fibroblastos, macréfagos e

mondcitos estimulados com LPS, TNF-a, IL-18, bem como em clones ativados de
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células Th2. Altas concentragBes do receptor sollvel para ST2 foi encontrado em
varias doencas com padrdo Th2, incluindo o lapus eritematoso, asma e condi¢ges
inflamatoérias independente da resposta Th2, como choque séptico e trauma
(TRAJKOVIC et al., 2004).

A maioria dos trabalhos difundidos até o momento, evidenciam a IL-33 como
uma citocinas Th2, entretanto, alguns dados demonstram que o tratamento com
sST2 inibe a severidade da artrite (LEUNG et al.,, 2004), a IL-33 medeia a
inflamacdo em modelo de artrite reumatdide (VERRI et al.,, 2008), detectou-se a
expressdo de RNA mensageiro para IL-33 em amostras de tecido sinovial de
pacientes com artrite reumatoide (CARRIERE et al., 2007). Dessa forma, existem
evidéncias de que a IL-33 possa também mediar respostas Thl, assim crescem as
evidéncias que a demonstram como uma citocina pleiotrépica.

Nosso grupo foi o primeiro a demonstrar o papel da IL-33 na dor. Em 2008,
Verri e colaboradores relataram que a IL-33 é um importante mediador na dor
induzida pela hipernocicepgdo na artrite induzida por antigeno. As diferentes
familias de citocinas ligam-se a receptores especificos, desencadeando a ativacao
de uma série de vias de sinalizacdo, por isso, avaliar a participacdo de uma nova
citocina em modelo de dor neuropatica, como a IL-33, pode cooperar para o

entendimento dos processos inflamatorios.
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2. Objetivos

2.1. Objetivo geral
Avaliar a participagdo da IL-33 e 0s mecanismos espinais envolvidos na
hiperalgesia induzida pelas carragenina e injaria por constricdo cronica do nervo
ciadtico em camundongos, com enfoque na participacdo das vias PI3K/AKT, mTOR,

MAP quinases, NFkB e células da glia.



33

2.2. Objetivos Especificos

2.2.1. Resposta inflamatdria inata — carragenina

- Avaliar se a carragenina induz a expressdo de RNAm para IL-33 e ST2 e
producéo de IL-33;

- Avaliar se a IL-33 participa da hiperalgesia mecéanica, edema e atividade de
mieloperoxidase induzidos pela carragenina;

- Avaliar se a IL-33 mimetiza a hiperalgesia, edema e atividade de
mieloperoxidase;

- Utilizar ferramentas farmacoldgicas a fim de avaliar se o0 recrutamento
leucocitario (fucoidina), TNF-a (infliximab), CXCL1 (anticorpo contra CXCL1), IL-
1 (antagonista do receptor da IL-1), endotelinas, receptor ETA (clazosentan) e
ETB (BQ788) e COX (indometacina) sdao importantes na hiperalgesia induzida
pela IL-33;

- Avaliar se a producdo de TNFa, CXCL1 e IL-1B apdés a administragcao de
carragenina é dependente de IL-33;

- Avaliar a producao de IL-10 apds a administracéo de carragenina € dependente
de IL-33;

- Analisar se a IL-33 pode amplificar a resposta induzida pela carragenina,
utilizar-se-a doses submaximas de IL-33 e carragenina a fim de verificar o efeito

sinérgico.
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2.2.2. Dor neuropética induzida pela injuria por constricdo cronica

- Avaliar se a deficiéncia da IL-33 € importante no modelo de injuria induzido por
constricao crénica do nervo citico de camundongos;

- Avaliar se a IL-33 mimetiza a hiperalgesia mecanica induzida pela injuria por
constrigdo crénica, bem como, verificar se € dependente de IL-13 e TNF-q;

- Verificar se a hiperalgesia induzida pela administracao i.t. de IL-33 e a injuria
por constricdo cronica é dependente das vias PI3K, mTOR, MAP kinases (p38,
ERK and JNK) e NFkB, através da administracao de inibidores;

- Verificar a ativagéo espinal das vias PI3K, AKT, mTOR, MAP kinases e NFkB
pelo método de western blot;

- Verificar se os tratamentos com minociclina e fluorocitrato inibem a hiperalgesia
induzida pela IL-33 e pela injaria por constricdo crdnica do nervo ciético de
camundongos;

- Verificar a ativac@o espinal de GFAP e Iba-1 apds a administragéo i.t. de 1L-33

e a injuria por constri¢cdo crénica do nervo ciatico.
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BACKGROUND AND PURPOSE

I-33 sgnals through ST2 receptors and induces adaptive and Inrate inflammation. 8-33/5T2 & involved in adaptive
mflammation-nduced pain. Here, we have investigated the contribution of [L-33/5T2tnggered mechanisms to
amagesnindnduced Innats Inflammation.

EXPERIMENTAL APPROACH

Carageenin. and IL-33induced inflammatory responses were assessed in BALA/c. (WT) and ST2-deficent ( © ) mice as follows:
pedema (plethysmometes), mysoperoxidase activity (colorimetric asay), mechanical hyperagests (dectronic version of von
Frey flaments), cytolone levels (ELISA), PGE; (RIA), mRNA expression (quantitative PCH), drug treatrments targeting leukocyte
recrutment (fucokdin), TNF-a (nflodmab), CXCLT (antibedy to CXCLT), IL-T (IL-Tra), endothedn ET, (dazosentan) and T,
{BQ788) receptors and COX {iIndomethacin).

KEY RESULTS

Carrageenin injection Increased ST2 and 133 mANA sxpression and 1-33 production in paw skin samples.
Camageenindnduced paw cedema, hyperaigeda and myslopesoxidase activity were reduced in 5727 compared with WT
mice, effects minicked by IL-33 injection In the paw. Furthermore, E-33-induced hyperalgesia was reduced by fucoidin
suggesting 2 role for recnated leukocytes in its hyperalgesic effect. IL-33induced hyperalgesia in nave mice was reduced by
treatments targeting TNF, CXCLT, 1.1, endothein receptors and COX while camageenin-induced 5T2-dependent TNF,
CXCLT, IL-18, 1-10 and PGE; production and preproET-1 mRNA expression. Combining IL-33 and camrageenin at dases that
were inefiective 25 single treatment Induced significant hypenlgesa, oedema, mydoperoxidase activity and cytokine
production In a STZ-dependent manrer.

CONCLUSIONS AND IMPLICATIONS
IL-33/5T2 signalling triggers the production of inflammatory mediators contributing to caragesnin-induced inflammation.
These data reinfocves the Importance of IL-33/5T2 signaling as a target In Innate flammation and inflarrenatory pain.

Abbreviations
ET-1, endothelin-1; ipl, mtraplantar [L-1m, IL-] recepeor antagonist
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Introduction

I-33 1s 3 member of the IL-1 amily of cyiokines, which

signads through the ST2/IL-1RACP recepror comples (Schmiiz
etal, 2005; All e al., 2007), IL-33 seems 10 be an Imporiant
theeapeutic g o t::Iy in uﬂmmmg conditions
such 35 amaphylacic septic shock, atheroscerosis,
UV rdiaicn, xsthuma, hepattis and rheumatodd archsicls
(Schmiz et ai., 200%; Verri of al, 2008; 2010; Pushparzj 2 al.,
2005: Alves-Fitho et al., 2010; Anhad et al, 2011; Byme e al.,
2011), These roles of 1L-33 are related 1o the acivation of
endothediad codls, mam oddls, lymphocyies, macrophages,
coainoptils and newncophils (Schumiwz et al, 2005; Pecaric-
Pethovic etal, 2009; Alves-Rtho otal, 2010; Veri aal,
2010}

IL-33 was [nivadly recognized 25 3 Th2 oywckine (Schmitz
aal., 2005). Farher Invesigsion of the bickogy of 1L-33/
STZ signailing showed that it Is an Imporiant component in
ThU/Th17 and innate Inflammation. Thus, IL-33 mediates
antigendndured arthehis dependent on TNF-a, 11-18 and
IFN-y (Verri efal, 2008 2010) and 1117 production (Xa
a zl., 2008). IL-33 also amplified Th] and Th2 responses by
3cung on besophits, ThZ Iymphocyies, INKT and NK odls
ismithgall etad., 2008). In swppon of 2 rode of 033 in
innate nflammation, g2 secreted 10-33 In respoase w LPS
{Hudson etal, 2008) and 1.-33 administration reduced the
systemic inflammatory response induced by hacrerial prod-
ucts In 2 modd of sepsis (Alves-Flho otal 20101 B-33
s> increased expression of LIPS recepeor  components
resuling in enhaneed oytokine prodaction, suggesing 3 LPS
sell-regulatoey fecdback chrough L33 (Espinassoes aal,
2009). Funthermore, 11-33 defidency resulied in redoced
rmindindeced lung innae Inflammadon and dexwan-
Induced coditis accompanied by T-cell-independent epithe-
Il damage (Obokl etal 2010). Moreover, 1133 Induced
oytokine producion by type 2 innate immane cells sach as
nataral heiper cells, neocytes, and innace helper 2 ol
(Xouzaki etfal, 2011; XKim etal, 2012 Howewer, 512
deficiency Inoeased innate and acquired Thl and Th2
immunity in rexponse 10 2 mawine mammary carcinoma
(Jovamovic & al, 2011). Therdore, the funcisons of [1.-33 are
not completely predicabde.

Carrageenia is an extensively wad and 2ccepred modd of
inflammation. in genesal, 14 15 injecied in the paw 10 evaluate
oedema and hyperaigesia but it can alse be Injecied in arher
@vites such 25 air pouch, peritoneal and pleural Gviles w
evaluate feukocyse recrultment, mainfy of peutrophils, and
production of chemotatic mediators Cunha aal, 2005;
Val&io f al., 2007). The inuaplanar injection of crageenin
induces medanicl hyperaigeda In mice by triggering 2
cytokine cascade Initlated by TNFa and CXCLI production,
which Induce IL-18dependent PGE; prodoction. In twm,
PGE; sensitizes the nodcepeor, which can be deteced as
medhanical hyperalgesia (Cunha o al, 20050 Furnthermaove,
endothdin.1 (EF1) acilng on ET, and ET, recepton mediates
mageecindnduced mechanical hypesalpesiz  (Faamonde
etal., 2004; receproe nomenclature follows Alexander & al.,
2011) and ET-linduced hyperalgeia depends on PGE; pro-
duction (Vesri etal., 2007). Recrulied neutrophils also con-

tribute 10 carrageenin-induced mechanical hypesalgesia by
producing PGE, (Cunha o &l 20085
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IL-33/5T2 and camrageenin innate Inflarmmation n

As 1L-3) mediates mechanical hyperalgesia (Verrf etal,
2008) and newrophil recrstimen (Verrd of al., 20008 in adap.
tive inflammation, and Is involved In innace inflammation
(Hudsoa etal, 2008; Espinxsoes etal, 2009; Alves-Filho
e al., 2010; Obokd et al, 2010; Fhang et al, 2011), we have

whether 1E.335T2 conuibuted 0 cargeenin-
ind innxie inflammation and Inilammatcey min and
the wnderfying medhanisms. Fanhermore, because 01-33
potenmiiated  antigen-induced prodection of infammatcey
cywikines (Andrade etal, 20115, we also asesed whethes
IL-33 could acx in synergy with crrageenin 1o Induce paw
inflammadon and hypenlgesia.

Methods

Animals
Sex matched BALS/C (WT, STZ) and BALH/c background
ST2defiden: () mice (lirint et al,, 2004), 20-25 g were bred
In the Faculty of Medicine of Ribeirao Preto, University of Sao
Paulo, Beazil. All andmal care and experimentad
complied with the Internationad Ascciacion for the Scudy of
Pzin mdaspwodbyurm(m‘ iee of che
ol Medicine of Ribeirao Preto, Univessity of Sao Paudo,
Beazil. AN studies animals are repocted In acooed-
ance with the ANMNIVE guidelines for reponing experiments
animals (Kilkenny etal, 2030; McGrath eral,
2010 A 1ot of 908 animals wese wsed in these experimenas.

Electronic pressure meter test

The mechanical hyperalgesia 1est (Cunha et al,, 2004) con-
sisted of evoking 2 hindpaw flexion reflex with 2 handhedd
fosce tramsducer (elecuronic anassthesiometer; TG Life
Science, Woodland Hills, CA, USA) adapted with 2 0.5 mm*®
polypropylene dp. The results are expressed as the differentlal
(A) withdrawad threshold (n g) clolated by subtracring the
mean measurements 31 Indicated time points 2fter sumadus
from the zero-time mean mesuremenss. Withdrawal theesh-
old was 8.6 + 0.5 g{mean + SEM, 1~ 40 before Injecuson of

the hyperalgesic agents.

Paw oedema test

The volume of the paw was measured with a plethysmomenes
(Ugo Basll, Comerin, VA, haly) before (VO) and 21 Indicaned
ume poims after (VD the inuaplantar (pl) simalus with
@rrageenan (3 or 100 pg diluted In 25 pl of saline per paw)
(Valério et al., 2007). The amount of pow sweiling was deter-
mined for each mouse and the diffierence besween VT and VWO
was aken as the cedems value (oedema mm* per paw).

Mycloperoxidase activity

The mydoperoxidase aciviry of paw homogenates was wsed
10 evaluate the migration of leukocyres to the hind paw skin
of mice. it consists of a kinetic colorimetric assay (

ot al., 1982) with modificavions (Casagrande of @l |, 2006). The
results were presnied = the mydoperoxidase salvity
(number of nectrophils 10¢ per paw).

Cytokine measurement
Animals were ieminally anassthetized (1.5%  soffurane;
Ao, (Abbout Park, 1L, USA) and the plantar =kin tsues
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removed and homogenized in 500 pl. of beffer comaining
prowease inhibiwes. Conoenuations of TNFay, IL-10, €XCL1,
IL-10 {BD Hosdence, San Jose, CA, USA) and 1133 (ehio-
science, San Diego, CA, USA) weve determined by ELISA using
paired antibodies.

Real-time PCR

Mice were killed 2 h after Lpl Injection of carrageenin and
the plantar cutaneows hind pew tinues harvesod. Samples
were homogenized In Yriaol reagent, and total ENA was
extraced using the SV Tual RNA Bsolation Sysiem {(Promega
Bloscences, Fihburg, W1, USAL Quandative PCR (QPCR)
was pedoemed In 2n ARl Prism 7500 Seguence Detection
System using the SYUR-green fluceescence (Applied Hosys-
tems, Grand isand, NY, USA). The peimers were peevioasly
described {(Verrt of al, 2008).

Determination of PGE; production

Two hours after ipl, Injection of carrageenin, paw skin tsuee
amples were colleced In 0.5 mL of 2 miviure of acetone I M
HCE warer (10:1-5, v:v:v). Aflier homogealzing whh 2
ey, the samples were conerifuged (20 min a1 2000 g 3t 49C)
and the supernaiant decanted before deying the pediet in 2
cenuifugal evaporator at 37°C. The pelist was reconsuiuted
in 500 pl. of Tra5C1 bulfer (10mM Tris, pii adjusied with
HCE w 3.0). The concentrations of PGE; were determined by
WA (Amershzm, Patbargh, PA, USA) (Verd et al . 2007).

Experimental protocols

WT mice recedved intraplansar (1.pt, subcotaneous In the hind
paw! injecion of crmagrenin (100 py per faw) o Wine.
Samphes of che paw skin were colleced 3t 2 h foe gPCR analysis
foe S72, 133 and -1 mRNA ex 11-33 levels
were decermined 0.5, 1, 3 and 5 h after carageenin by ELISA,
Mechznical hypenlgesia, cedema and mysoperoxicase aciiv-
Ity were evaleated at Indicated dme poing afier carrageenin (3
or 100 gp-per pawl or 1L-33 (3, 30, 100 and 300 ng-per paw)
injecton in WT and ST2 " mice In other experiments, WT
mice were treated with fucoddin (20 mg-kg *, Lv, 15 min),
Infliximab (anu-TNF.ax antbody, 10 mapkyg ", Ep 485 and
& min befoce stimull), ami-CXCL1 antibody (@CXCL1;
700 ng-mice?, Lp. injecxion, in aline, 30 min before stimo-
lusk, control igG (ame treatment prococod s for indliximab or
wCXCLY) or IL-1 recepror astagoniss | BL-1r2; 30 mg-kg ', Ly,
15 min) before 133 adminisiraton (100 or 300 ng-per paw)
folkrwed by evaluation of mechanical hyperaigesla and
myed 2 Indicxed time poims. TNFi, CXCLIT,
IL-18, 1L-10 and PGE; fevds in paw skin samples were deter-
mined by ELISA or BIA 21 2 h or indicared time points aftee
carageeain Injeciion. in the last serics of experiments, mice
were treated with dxrozentan (10 mgky ', sc., 15 min), BQ
788 (30 nmol per paw, 30 min} or iIndomethacin (3 mpiy *,
Lp., 40 min) before Lpl. injecuion of 1L-33 {500 ng- per paw) or
sline. Mechanical hyperalgesia was evaluated 3 and 5 haftes.
To determine the synergism besween IL-33 and crmageenin,
mice recedved sinpfe treatmemts with crmagesnin O3 pg per
paw) or 1E.32 {3 ng-per paw) or 3 combinadon of bath fol-
lowed by mechanical hyperalgesia, oedema and MPO aciivity
deserminatsion at indicaesd tme points. The same protocod
was used 10 derermine the prodacion of TNE-@ and IL-18 in
WT(ST2™) and STZ * mice. The doses of reagents used o
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were chosen based on peeviow repors (Cunfo o al., 2005;
2008; Verrd of al., 2006; 2008; 2009, 2010; Pinto e af., 2010,
Drug wreasments or genesic deficlency did noe afiea the base-
line resporse of the mioe to mechantcal simalation (data not
shownl.

Data analyses

Hesults are presermed 25 means + SEM; each experiment was
pesformed at Jeast twice. Two-way Asova was wsed 1o compare
the groeps and doses at 2l tmes when the parameters were
mezsured 3 different times after the sdmulus injection. The
anafysed facrors were wreatments, time and time versus peat-
ment interaction. One-way avava followed by Bonferroni’s
taex was performed for each dme. Comparison of two
goups was performed using t-esi. F < 0.05 was considened

spnicnt

Matcrials

The following materials wese obiained from the soerces indd-
ced: antl-CXCLT anebody (Peprasech, Rocky HINL NJ, USA),
Isotype comtrol IgG (RED Systems, Minneapolis, MN, USAL,
1) 783 (Toors Bloscience, Hllsville, MO, USA), carrageenin
(FMC Cosporaton  (Philaddphia, PA, USA), dazosentan
(Acicdion Prarmarcuticad Lid., Allschwil/Basel, Swizrerland),
fucoidin (Sigms Chemical, St Louis, MO, USAY [L.1m
(National insdtote of Standards and Control, Hert-
fordshire, UK, indomethacin (Prodome, Campinas, Brazif),
Infliximab (Remicade, Merck & Co., Whischouse Station, NI,
USA). Recombinant heman 1-33 was penerated 3s previously
described (Komai-Koma ot 2l 2007).

Results

Carrageenin induces IL-33 and ST2 mRNA
expression and IL-33 production in the

paw skin

Carrageenin (100 pg-per paw) or aline (25 pi) was injeaed In
WT mice and after 2 h paw skin samples weee coflecied for
QPCR analysis. Camragrenin induced 3 significan: increase of
ST2Z (Fgure 1A) and 1L.33 (Rgure 10 miANA expeession. In
agreement, carmagrenin indooed a Increase of
IL-33 peoduction afwes 0.5-5 b (Figure 1C)

Reduction of carrageenin-induced mecharical
hyperalgesia, ocdema and neutrophil
recruitment in ST2* mice

Carrageenin (100 pg per paw) or saline was Injeced in WT
and 5724 mice, and mochanical hyperalgesia {Rguse 2A) and
oedema (Figure 285 were evaluated 1-5 h sfter crrageenin. A
5 h, mice were Wlled and myeloperoxidase acvicy was deter-
mined in paw skin samples (Rgure 2C). Carageenin-indooed
mechanical hyperaigeda besween 1 and 5 h, and ocedema
between 05 and 5h in WT mice compared with vehide
proup (Figere 2A and B respectively). On the other hand,
STZ” mice presented redoced hyperaigesiz and cedomaz x
the same tme poines (Hgure 2A and 0, respeaivelyl. The
myeloperoxidase activity was increased by carmapeenin Injec-
tan In WT mice compared with the saline group and this
Increase was reduced In 5T2' mice (Rgure 200



IL-33 injection mimics carrageenin-induced
inflammatory responses in a ST2-dependent
manrier in naive mice

Mice recedved [L-33 (30-300 ng-per paw) and mechanical

hyperalgesia {FHgure 3A) and oedema  (Hgure 38) were
evaluaied after 0.5-5h. At 5 h samples of paw skin tsue
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Figure 1

Carmgoontn induces exprasgon of mBNA for £-33 and STZ and IL-33
procection In the paw gon. Mice moeived Intraplantas (Lpl ) Injecton
of camageanin (100 ug por paw) or saine (25 ul), and Ator 2 h
Sengies of paw sdn wore coliectad for guantitative &) PCH anatyss
of ST7 (panct A) ang 11-33 (panel H} mENA expresion or hotwoon
0.5 and § h for 1133 detormination by ELISA xeay (paoel O. i~ 6
o PR and - 4 for ELISA, reprasentative of two separato capen-
monts. P = 0.05 compamd wih the s2ine groop,
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were colleaed for myeloperonidase acivity determinston
(Figure 3C). The dose of 3 ngper paw of 1L-33-indoced
mechanical hyperalgesia between 1 and Sh
with vehide group (Rigure ZA), and the dosex of 100 and
300 ng-per paw of 1-33 induced significamt hyperalgesia
comparcd with vehicle and the dose of 30 ng-per paw
breween 0.5 and 5 h (Mgure 3JAY 1L-33 Indoced significant
paw cedems between 0.5 and 3 h, ooly 2t 104 ng-per paw
‘Hg\mm AL S b, 1E-33 Indured 2 dose-dependent increase
anivity, compared with leveis afier
vdﬂde ondy (Figure 3CL In STZ7 mice, H.-33 did noe Induce
mechanical hyperalgesia, oedema or mycloperonidase xciv-
Ity (Figure 3D-F). Thus, the injecdon of 1L.33 mimicked
carngenin-induced inflammatory responses Iin WT milce,
although the efiect of IL-33, given Lpl., was
dearly less than that of carageenin. This effea was noc
funber investigmed, excege for the synergism experiments
presented In Fgure 100

Effect of fucoidin in IL-33-induccd
mechanical hyperalgesia in naive mice

WT mie were wezied with focoddin (which binds o
Lscieain and inh@bio leukocyte recrulument; 20 mphg ', Lv.,
15 min) bedore 1L-33 Injecion (100 o 300 ng-per gaw), and
mechanical hyperalgesla was evaluxed 22 3 and 5h and
m activiy 2t 5h (Hgure 41. Two doses of
IL-33 were used because 100 and 300 ng achdeved maximal
mechanical hyperzalgesia whereas 300 ng-was needed o
produce mavimal myclopesnxidase acuvity in 1he paw
skin. Treument with fucoidin inhibited the mechamical
hypenalgeda 2 3 and 5 h (Fgure 4A and O and myeloper-
oxidase 20Uvity at Sh {Aguwedd and D) Induced by
100 ng-(Fgure 4A and 5) and 300 ng-{Figere 4C and D) of
133
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£-33/5T2 medates (rragoeenin-inducnd paw mifsrmation. WT { 5127} and 5727 mice moedved Lpl. mipction of camagoenis (100 pg-per paw)

o saina. Mochanikcal

{panst A) 3t oodeima (paned B) wirs determimod 2 iIndicriod tme

pints Soowod by

hyperaigesa YSRGS By
2 5 h (pans C) In gow 1IN RMpks. 7« 5, Mpresntative of teo soporle axperments. P < .05 companad wih the safine group and 7 « 0.05

comgarad with the camageens groug
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Figure 3
£-32 Indoces
weas Ingectodt Lp 0 WT (5T2) mice. Mochanical

oodarma and nestroptll migration R 3 ST2-depencont manner In nosmal mice. IL-33 (30-300 ng) of ine (25 2£)
tpanai A) and codoma (pane §) wore dotormined 3t incicated bme

folowea

dotermination 3 5 h (pand O) in paw skin ampies. 11-33 (100 ng) of s3ina was injected LpL I WT and ST2 ¢ mice.

Machankal

D} and codorma (panef £) wom dotenmined # Indcatod tme

tobowes by

typeriges (panct TRCkpOTKE AKINEY
detormination 3 Sh guanad F). 7 - amummm‘ummmammmmwcm
commgeead with the Jowor doso of £-33 or £-33 injection In 5T2""" mice

IL—-33-induced mechanical hyperalgesia
depenids on TNF-a, CXCLI and IL-1P in
narve mice

Mice were treased with Inflidmad (ami-TN¥-a antibody,
10 mgkg', Lp. 48 h and 60 min before sumudl Injection,
Rgure SA and D), ant.CXCL1 antibody (e(ZXCL1, 700 ng-per
paw, codnjecdon, Rgure 58 and E) or 1L-1r2 30 mg-kg ', Lv.,
15 min, Figure SA and D} before 1L-33 injecion (100 ng-per
rw! and mechanical hyperalgesia was svaluated 2t 3h
(Flgure 5A-C) and 5 h (Rgure SD-F. All treatmecns inhibioed
IL-33-induced mechanical hyperalgeda (Figure 5). Control
IgG aBody (aconwoll was wsed under the same wreaument
protocols as foe infliximab (Figure SA and D) or aCXCLY
(Figure S8 and E),

Carrageenin-induced production of TNF-a,
CXCL1, IL-15 and IL-IO is decreased in ST2
dfﬁamf mice

Carageenin (100 pg-per paw) or saline was infeced In WT
and ST2' mice 2nd paw siin sampées were codlected after

2 h for amay of TNFa, CXCLY and IL-1. Carrageenin in-
94 Brtsh jounal of Pammacokogy (2013) 169 90-101

duced significamt prodoction of TNF4x (Figare 6A), CXCL1
(Figure &8) and 1118 (Figure 6C) in WT mice compared with
the vehicle treatment, and these effecs were Inhibited In
STZ2 " mice Carrageenin also induced significant produciion
of IL-10 28 0.5, 1, 3 and S & In WT méce and leved of this
cyrokine were 2bvo reduced In STZ Y mice 21 3 and 5 b after

carrageenin injection (Rgere 7).

ET-1 mediates I1-33-induced mechanical
hyperalgesia and mRNA expression in

naive mice

Mice were treated with claroserian (ET, recepror antagonist,
10 mg-kg ', s, 30 min} or BQ788 {ET, receptor anagonis,
30 nemol-per paw, 30 min) before 1133 (100 ng per paw)
Injection (Flgure 8A and §). Both darcsemian and BO7SS
inhibited 1-33-induced meduanical bypersigesia 3t 3 b
(Figure 84 and C, respectively) and 5 h (Rgure 88 and D). In
agreement, crrageenin aone increased expression of mENA

for preproET-1 ;1 2 h afver carrageenin injection in WT mice
compared with the vehide group, and this increase was

lacking in SYZ " mice (Figure 8EL
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E-33induced hypersigesa dopends om nowtrophil recrulmernt.
E-31 (100 ng - pancls A and B or 300 ng - panek C and D) o saiine
was pfected | pl and mechanical (pamct A and ) was
dotorinedt 2l mdcatod time polrts foliowed by myslopersidase

cotormination at S & {pancs € and D) 5 paw skin ampics.

ataity
n = 6, representaiive of two sopantie asportments. *F ~ 0.05 com.
pard win the saling or natve growp and *F - 0.05 compared weh

the IL-33 vuhicks group.

PGE; mediates 11-33-induced mechanical
hyperalgesia in WT mice

Mice were weared with indomethacin (COX  Inh@ior,
Smg-kg”', ipt 0 min before 1L-33 injecion (100 agper
pawl. As 2 resuls, 1-33-induced mechanicl hyperalgesia was
reduced 3 3 h (Rgure 9A) 2nd 5 b (Fgure 9. Carmageenin
2i50 induced PGE: produciion in WT mice and this effec was
absent in ST2 " mice (Agure %)

IL-33 syncrgizes with carrageenin to induce
paw inflammation and hyperalgesia

Mice recedved Ll Injecions of carageenino (3 ugper paw)
dlone, 1123 O ng per paw) alooe or 2 combimadon of 033
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Figure 5

L-33dnducen mechancy Myperigesa deponds on TNFaz, COXCLT
and IL-TH Mice were trastnd with infitckrad (anti. TNE @ antibody,
10mgig ", Lp. 485 and 60 min bolors stimall ot
A and D), anb(XCLY (@CXCLY, 700 ng-per  paw,

to4njection; pancs B and |), tsotype IgG control antibody (moonteyd,
=¥me tatment protocol as for Inflldmah o @CXC j or 111 fecep-
lor antagonist (R-1r, 30 mgg ', Ly, 15 min) (panal C and F)
betore 11-33 Lpl. Ingction (100 ngpor paw). Mechanical hypesal-
Qosia wa measieed 3h jpanciy A, B and O) and 5 h (panets D, £ and
) aer L33 Infoction. N - &, repressntalive of two sopanto caper-
ments. *P < 0.05 comparad with Siine group aad *F - 0.05 com-
parod with 1L-33 group.

and carrageeraan, in 1the same ow doses. IL33 and cara-
geenin given alane now did not induce sgrdficam mechand-
cal hyperaigesia (Figuere 10A) or oedema (Flgure 208) o 1, 3
and 5h or myeloperoxidase acuivity at Sh. On the
other hand, injecion of 1133 plus carrageenin indoced
dgpnificant mechanical hyperalpesiz (Rigare 10A), oedema
(Figure 108) and mysloperoxidase acuvity (Figure 10CL Far-
thermore, the combination of B33 and cmageenin also
induced synesgy in the peoduction of TNFa (Figure 10D)
and RL-18 (Flguee 108), which was ST2dependent (Higure
101> and EL
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Figure 6

Carmgoonin iInduces ST2-Sependent prodection of TNFa, OXC1T
and IL-1R 0 WT (ST7) mice. Carrageonin (100 ag) was inpocted Lpl.
and aftor 2 b samplos of cofancown plankar Dseo wom cotlected for
detormination of TNF-a ganol A), CXCLT (panel B), and IL-1§ (panal
O lovols Dy EUSA. 7~ 4, ropresentaiive of two soparate axperiments.
*F < 0.05 comparod wih saine group and *F < 0.05 comparad with
amgoestn 512" group

180, CaITageenin

.
w
n

IS
2

IL-10 (pg per 100 mg
of paw tissue)

051 35 051 35
Time after injection (h)

Hagure 7

Carngoonin nducd ST7.dopencend peadection of IL-10 1 mike.
Carngoonin (100 pg) was Infected Lpl and afer (1.5-5 B samphs of
afaneous plantar isxue were coflociod for osformisation of I1-10
Evol aetermiration by HISA. 7~ 4, mpresstathe of two sopaate
ponments. *F < 005 compared with Sikne groop and P < 0.05
commgased with cxmagoenn ST7°" growp.

Discussion and conclusions

Dexpiite the intilal descriprion of 11233 23 2 Th2 oywidne, It
has become evidenn than it s, rather, 2 plefowoc oytokine
mediming Thi, Th2, Thi? and innate (nflammasocy
responses (Schmiwz etal, 2005; Xomal-Xoma ctal  2007;
Smithgail ot al, 2008 Veerd cdal, 2008 Xu ofal, 2008;
Atves-Riho & al, 2010; Oboks & al., 2010). We have presi-
ously demoasisaaed the hyperaigesic role of IL-33/572 in 2
model of antigen-induced anthiriis In mice (Verrf ot al | 2008).
Therefare, we hypothesised that 1L-33/5T2 signalling woald
2= be imponant In innawe inflammaticn-induced hyperal.

26 Briah joumnal of Mamacology (2013) 169 90-101
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Figure 8

E-33/5T2 modiales carageonin- noucad yporaigesi viz ET-T ading
on £T, and ET, roceplon. Mice woee treatiod with dasosentan ( ET,
nznplnrmwmg-q 30 min, pancis A and ) or BO 788

(ET, rocoplor antagoots, 30 semol-per fsre, 30 min, panek C and 1)
botom I1-33 (000 ngpor paw) ijaction. Mechaokal hyperaigoesia
was masurad 3 and 5 b after £-33 mjpction. (100 )
o Syine was njoctod Lpl in ST2" and ST7 7 mice and ampies of
ubincous Dmoe were colactod afer 2 h for QPCR anaiyss of

PRPMOET-1 MENA expresion (paret £). 5= 6, reprsantative of two
sparie copermerts F < 005 ¢ with sibe group and

*F = 0.05 compamd wih iL-33 or camagoenin ST group,

geslz. The ampeenin modd of inmate inflammation was
chosen duee o its wide appiicability in the study of novel
amadgesic and antinfammatory drugs. The present data
demenstrate that IL-33/512 conuibuies 0 @mrageenin.
induced inflammation consisung of cedema, myvloperoxi-
dase acivity and mochanical hyperalgesia by uiggesing che
production ol other cytoifnes {INEg, CXCLI and IL-18),
afong with ET-1 and PGE;, and also reducing the produciion
of the ami-hyperalgesic oytokine IL-10. Furthermoee, we
demonstrated that injecrion of both 1133 and carrageenin ac
doses that did not e resporses alone, Induced mechanical
hyperalgeda, cedema, increase of myvloperoxidase acivity
and cywokine prodoction, suggesing 3 syncrgism in Indocing
inflammation berwern arrageenin.and (L33

11.-33 has 3 role In the acuvation of mas cells, ghia cells,
macrophages, epithelial and endochediad cells (Schmitz et al.,
2005; Hodson of al., 2008; Moussion o &l | 2008, Bourgeois
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Figure 9
£.33/5T2 modiates carageenin-dnducod v PGE.. Mo
were tmatod with Indomathacin (COX imhdor, 5 mag-kg *), 40 min,
panch A and B) bafiore IL-33 (100 ng-per paw) mjppction. Mechamical
wan measued 34 (panal A) and 3 b (pane B) afer 1133
njction. (100 pg) or s3kne was infoctod 1oL In 5T2°
and ST7* mice and sampics of calancoes thse worn colioctod afor
2 b tor PGE, lowels dotonmination by RA (panek C). 6 =~ &m
tva of two oponments. *F « 0.08
mmm'nommmul-nam
S22 group.

etal., 2009; Xurowska-Seolarska etal, 2009; Nelson e al,
2011; /hang et al | 2011), resshing in innate inflammation.
The present reuhs add 10 the earfier dacz demanstuzating that
IL-33ST2 comrihutes to carragrenin-dndeced Innate inflam-
matson, which Is itsedf dependent on the 2aivavion of resi-
dent tissee cells and recruiimen of leukocyies.

It Is interesting 10 note that there s rapid redease of
1L-33 epon sumulation of endohefial and cpibdial odls

(Moussion o al, 2008). This finding, mmhumhmaam
2s 2 cyrokine and an intrzcedlular f:

larities with the alarmin HMGE-T and ralse the possibility
that 1L-33 could be 3 noved afarmin (Carriere et al.,, XN7;
Moussion et al | 2008; Byrne of al., 2011). Compatible with a
fxst and early release of 1L-33 in lnnate inflammuacion, this
cytokine was peoduced in significant amoums upon cra-
peenin stimalus within 3¢ min, and production of 1L-33 con.
tnued 3t signiicant levels, 2t least, up to 5 B There was also
induction of IL-33 and ST2 mRANA expression, which andi-
med 3 continuoes stimudadon of 1L-33 expression and noc
only Ity refease andlor aaivaiion. Simélar leveds of 133
andlor 5T2 miNA (Savinko et al., 2012; Schmirder < al.,
20121 and 1L-33 production (Alves-Fitha etal, 2010) have
been found in 2 range of conditions. This sarly production of
IL-33 induced by carmagrenin cousd account for the carly
panidpadon of IL-39512 In carrageenin dnduced oedema, at
3 min in greement with [L-33 pandcpaion in osdema,
this cyroksne increased endothedial y in an v vitm
mode! by inaeasing NO levels {Chal et al, 2009). injection of
IL-33 2fone In WT mice mimicked the aw inflammazncy
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effecys of @rageenin. Although the cedema Indoced by 1.-33
was satistically sgrificant, it did not attaln the magnitude of
oodema after caragrenin. Camageenin-induced oedema I
known to Involve several other mediaoes, which pocemtiate
the activity of cach other (Ferreira and Vargafiig 1974;
Willams etal, 1983; Katz eftal, 1984). Thas, It 3 10 be
expeced that 1133 aloas would not fully mimic the
@rgeonin-induced oedema. Farthenmore, the doses of 1L-33
used were chosen from a d curve and were
sSmilar to previows daa on Inducton of pain (Verrt etal,
20087 and to the doses of other single cytokines necessary w
induce Inflammation (Jocmen ot al  2006). For Insanoe,
IL-32y, TNF-x and 1L-18 induce significant joint oedema 2t
100 ng-per joint, 25 determined by ~Tc-upaie (Joosen et al,
20068

The panicipation of 1IL-33572 o crragesnin-indoced
wax evident starting at 1 b, andd 1233 Injecdon
achieved similar leveds of mechanical hyperalgesia compared
with carrageenin. The inhibidon of legkocyte recrultment by
fucoidin suggests the parucipation of reculied leukocytes In
the 1L-33.induced mechanical hyperalgesia Neverchedess,
the role of recruited leukocytes in the 1L-33-Induced hyper-
2igedc response was Emied becuse abolishing the recrait-
ment of leekocyus ondy panially reduced 1he mechanicl
hyperalgrsia and carredations besween [L-33-induced hyper-
2lgests and myedoperoxidase acuivity were ot evident 3t any
of the doses tested. The ST2 ' mice also presenasd pardal
reduction of myeloperovidase 2ctivity upon carmagesnin
stimulus. Perthermore, it Is possibde that the mrticipation of
IL-33STZ In the recuitmem of leukocues such as nes-
trophils would become moee evident at later tages of inffam-
mation becuse oyobines such = INFa Indoce the
expresston of 12 in peutrophils (Voerd efal | 20100 and
becawse 1133 is procesed into matuce form by neutrophll
casxse and athepsin G (Lefrangls et al, 20123 indicating
that, 25 the Inflammatory process comtioued, the ceflufar
resporsdvenass to 1133 wouald Increase and the recrulted nes-
urophils would further conuibue w acivagon of 1133
There is acuvavion of 3 axade of onokines In the
@rgeonin-induced mechanical hyperaigesiz modd In
which TNFa and CXCL1 indoce the on of IL-I§
thae, in 1em, Induces the production of PGE, (Ferreirz etal.,
1988; Cunha et al, 1992; 2005). Fanhermoee, TNF-a- and
1-13-Induced mechanical hypesaipesia were inhibited by ET
receplor antagondsts (Verrt of al., 2006), Both ET, and ET,
recepior amagonists reduce cxrmgeenin-induced mechanicd
hyperalgesia {Haamondes & al., 2004) and ET-1 induces PGE:
peoduction In immunized mice (Vert etal 20071, Thus,
cywokines seem responsibie foe ET-1 prodoginn io -
geenin infammaion. In the present swedy, IL-33-Induced
mechanical hyperaigesiz was inhibited by wargeting TNF-a,
CXCLY, ILIB, BT, and ET, recepuoes, and PGE, Further, the
crageenin-indouced produciion of TNF., CXCLT, [1-18 and
PG, and preprofT-1 MENA expression were Inhibised In
ST2" mice Therefoee, (L-33)5T2 sgnalling seems o be an
early everat in carrageenin-dndoeced inflammatory mechanical
hypenlgeda by Indudng the prodacinn of cyroldnes, chem-
okines, ET-1 and PGE, In addiion 10 the coaufbetion of
TNF-a, CXCLY, IL-1f, ET-1 and PGE; to inflammawey hyper-
aigesia, these mediarors also toauibute w cedemz and/oe
leukocyte recruitment (Willams, 1282; Facdioll ot al., 1990;
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of two mpasio expanments.
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McColl and Clark-lewis, 1999; Veri etal, 2007; joosten
etal, 2006; Conte o al | 2008; Zarpedon et al | 2012).

Treatment with solable S12-Fc fusion protein inhibics
Intextinal Ischaemia/reperfudondnduced lethality and In-
flammatioa by Inducing 1L-10 production (Fagundes #al,
2007} 1L-10 15 an endogenows and-hyperalgesic cytokine in
the carragrenin moded (Poole et al, 19951 and carageenlia
induced production of 1L-10 in cur experiments. However, in
ST27 mice, the outpuc of this cytokine was reduced 2 3 and
5 h, demonstrating clearfy that the lass of hyperalgesia in the
ST27 mice could not be due 1o Inmreased 1L-10 leveds.

It is Interesting 10 poind out tha -33 potermiates
antigendnduced prodacion of cytokines in 3 mast cdl line
(Andrade et af., 2011). We therefore proposed thae 1133 coald
aiso exthibie soch acivity daring carrageenin inflammation.
Wwe observed 2 synergy between 11-33 and carrageenin at
doses shat were inefiectve, a5 single veatments, In Indudng
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and

Byperaigess and cytokine
crrageenin (1 pg-per paw) or IL-33 plus camagoenin (Mo doses). Mectanic h
MW‘S&MQBMMMN«MQ

production. Mice rocefved Lol njection of IL-33 (3 ngpes
(panad A) and oodkma B) were

codoma and activty, n~ 4 Jor ELISA, mprosentative

myeloparRking
*F - 005 comparod with e ¥ine, camageenin of 1133 I ST2'" group and *F < 0.05 comparad wih the

hypenalgesda, cedema and mysoperoxidase acdvity. Moveo-
ver, this synergy was aiso observed In temes of TNFa and
1L-13 prodeciion, and the synorgy was ST2-dependent. There-
fore, it is likdy thae, although relativedy high doses of 11L-33
given 3done did induce infammation and pain in normal
micz, during caragrenin paw inflammation madh lowes
doses of IL-33 are required becawsse this cyoldne synergizes
with carrageenin

In conchsion, we Fave shown here tha IL-3WST2 was
Involved in @rmpgeenininduced  Inflammatory osdema,
leskocyte recrultment and medmnicl hypenalgesia. The
mechanisms triggesed by IL-33ST2 involve the producion of
pro-inflammarory cyroldnes, E1-1 and PGE. This prominent
role of IL-33/5T2 suggras that It is now imponant (o deter-
mine whether drugs thar inhibit carrageenin-Snduced inflam-
mation ko affect 133572 signalling and supports funher
predinicl and dinicl studles on 1L-33/SY2 wagming thesa-



pies In innate inflammacion. Moreover, even & the primary

use of therapies targeting 11-33/5712 sigmaling is noc imvended
o reduce pre-existing padn, they might contribute o sedoce
i Pain is a likely side effecx of therapies using recombénant
IL-33 as i hx been observed with other cytokines such as
1L-32 and stimy facice (Verri @ al,
2005, Carvaih ¢t L. 2011) sithoogh 3 non-mcmidal amt
Inflammatory doeg woald be sufficient 10 seduce such side
effects, as suggesied here
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Interleukin-33/ST2 signaling mediates chronic constriction injury-induced neuropathic pain

in mice: Participation of spinal PIsK, mTOR, MAP kinases, NFkB, and glia.
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Abstract

Interleukin (IL)-33 is a member of IL-1 family of cytokines with pleiotropic functions.
Herein, it was investigated the role of 1L-33 in chronic constriction injury of the sciatic nerve
(CCI)-induced neuropathic pain in mice. ST2”" mice presented reduced mechanical
hyperalgesia compared to background mice and CCI induced significant spinal production of
IL-33, 7 days after surgery. The intratechal (i.t.) injection of IL-33 induced dose-dependent
mechanical hyperalgesia, which was inhibited in ST2" and TNFR1” mice and animals
treated with IL-1ra. The IL-33 i.t. injection also induced the production of TNFa and IL-1p in
spinal cord samples (L4-L6) and CCl-induced TNFa and IL-1p production was reduced in
ST2" mice. The mechanical hyperalgesia caused by i.t. injection of TNFa and IL-1p was
reduced in ST2” mice and CCI suggesting a crosstalk among these cytokines. IL-33 i.t.
injection also induced mechanical hyperalgesia which was amenable by inhibition of PI3K,
mTOR, ERK, JNK, p38 and NFkB. Furthermore, CCI-induced spinal activation of astrocytes
(GFAP) and microglia (Iba-1) was dependent on ST2 as well as IL-33-induced hyperalgesia
was inhibited by glia inhibitors fluorocitrate and minocycline. Therefore, 1L-33/ST2 signaling
is an important hyperalgesic pathway in CCl-induced neuropathic mechanical hyperalgesia

by activating spinal glial cells and molecular signaling pathways related to pain.
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Introduction

Neuropathic pain results from an injury of peripheral nervous system or central
nervous system caused by some diseases, such as multiple sclerosis, cancer, diabetes, herpes
zoster or trauma of nerves (Dworkin et al., 2003). It affects approximately 6% of worldwide
population (Ma et al., 2012) with symptoms ranging from parestesia, spontaneous pain,
allodynia to hyperalgesia. The treatment of neuropathic pain is still a challenge since 40 —
60% of patients have some relief with treatment (Sindrup and Jensen, 1999).

The healthy peripheral nerves are surrounded by numerous cells (schwann cells,
fibroblasts, endothelial cells, macrophages and mast cells) that regulate the responses to
tissue and never injury (Moalem and Tracey, 2006; Myers et al., 2006). Nerve injury result in
pain behavior accompanied by an increase of proinflammatory cytokines, contributing to
axonal damage (Keswani et al., 2003). Cytokine production and action in neuropathic pain
are related to the activation of phosphatidylinositol 3 kinase (PI3K), mammaliam target of
rapamycin (mTOR), mitogen-activated protein (MAP) kinases and NFxB (Schmitz et al.,
2005). Furthermore, in response to damage of peripheral nerves, spinal nerves and spinal
cord, both microglia and astrocytes in spinal cord are activated and their inhibition diminishes
nociceptive transmission (McMahon et al., 2005; Watkins and Maier, 2003).

Interleukin-33 (IL-33) or IL-1F11 is the latest member of IL-1 family of cytokines,
which includes IL-1a, IL-1p, IL-18, IL-36, IL-37 and IL-1Ra (Schmitz et al., 2005; Dinarello
et al., 2013). IL-33 requires the expression of both ST2 receptor and IL-1 receptor accessory
protein to function as a classical cytokine (Liu et al., 2013). ST2 receptor exists in
transmembrane and soluble forms, which function as signaling receptor and decoy receptor,
respectively (Trajkovic et al., 2004).

IL-33/ST2 signaling has pleiotropic roles in diseases in such way that it can be

considered a target as well as treatment depending on cytokine milleu (Liew et al., 2012).
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Focusing in pain, we have demonstrated that I1L-33/ST2 signaling is important in antigen
challenge-induced cutaneous and articular mechanical hyperalgesia. IL-33/ST2 induces
further production of nociceptive molecules such as TNFa, IL-1B, IFNy, endothelin-1 and
prostaglandin E, (Verri et al., 2008). In addition to adaptive immune responses, IL-33/ST2
signaling mediates the hyperalgesia in the carrageenin innate inflammation model (Zarpelon
et al., 2013) and overt pain-like behavior induced by acetic acid, phenyl-p-benzoquinone and
formalin (Han et al., 2013; Magro et al., 2013). IL-33/ST2 signaling is also important in bone
cancer pain (Zhao et al., 2013). However, it has not been investigated the molecular signaling
pathways and the role of glia in IL-33/ST2 function in neurophatic pain. In the present study
we demonstrated that IL-33/ST2 signaling is important in chronic constriction injury-induced
neuropathic pain by activating PIsK/AKT, mTOR, MAPK and NF«B signalling pathways,

and an autocrine I1L-33/ST2 signaling in glial cells.
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Material and Methods

Animals

The experiments were performed on male Balb/C, ST2 deficient (") Balb/C background,
C57BL/6 and TNFR1” C57BL/6 background mice weighing between 20 and 25g. Mice were
housed in temperature-controlled rooms (22-25C), with access to water and food ad libitum.
All experiments were conducted in accordance with animals’ care and handling procedures
were accordance with the Internacional Association for Study of Pain (IASP) and with the
approval of the Ethics Committee of the Faculty of Medicine of Ribeirao Preto (University of
Sao Paulo) and Universidade Estadual de Londrina. The animals were used only in a single

experimental group.

Drugs and stimuli

The following materials were obtained from the sources indicated. Wortmanin, rapamycin,
PD98059, SP600125, SB202190, PDTC, minocycline and fluorocitrate were obtained from
Sigma Aldrich (St Louis, MO, USA). Recombinant rat TNF-a and human IL-1B were
acquired from the National Institute for Biological Standards and Control (South Mimms,
Hertfordshire, UK). Recombinant Human IL-33 was produced as previously described

(Komai-Koma et al., 2007).

Model of chronic constriction injury (CCI)
Mice were anesthetized with ketamine and xilazine (10puL/ 10g) followed by trichotomy in
the surgery area. The incision was performed in the rear leg, and the sciatic nerve was

exposed with glass rod. A moderate constriction injury was performed around the sciatic
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nerve with a chrome suture. For the sham-operate controls, mice underwent the same

procedure without the constriction of nerve.

Electronic pressure-meter test

The mechanical hyperalgesia test (Cunha et al., 2004) consisted of evoking a hindpaw flexion
reflex with a hand-held force transducer (electronic anaesthesiometer; IITC Life Science)
adapted with a 0.5 mm? polypropylene tip. The end point was the removal of the paw
followed by clear flinching movements. After the paw withdrawal the intensity of the
pressure was automatically recorded, and the value for the response was obtained by
averaging three measurements. The animals were tested before and after treatments. The
results are expressed by delta (A) withdrawal threshold (in g) calculated by subtracting the
mean measurements 3 h after stimulus from the zero-time mean measurements. Withdrawal

threshold was 8.6 + 0.5 g (mean + s.e.m., n=40) before injection of the hyperalgesic agents.

Cytokine measurement

At indicated times after CCI animals were terminally anaesthetized and the spinal cord L4-L6
samples were removed and homogenized in 300 pl of buffer containing protease inhibitors.
TNFa, IL-1p (BD Bioscience) and 1L-33 (eBioscience) concentrations were determined by

ELISA using paired antibodies.

Western blotting assay

Mice were terminally anesthetized on isoflurane chamber and the L4-L6 segments of the
spinal cord were dissected out immediately and homogenised in RIPPA buffer, containing
protease and fosfatase inhibitor. Afterwards, the lysates were crushed and centrifuged (130

rcf, 10 min, 4°C). The proteins were separated by SDS-PAGE gel, at 6% between 10%, and
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transferred on PVVDF transfer membrane (for mTOR analysis) or nitrocellulose membrane for
the other analysis (GE Healthcare-Amersham, Pittsburgh, PA, USA). After, membranes were
incubated in blocking buffer (5% nonfat milk in tris-buffered saline with tween 20, TBS-T, or
1% BSA) for different times for each antibody at 4°C and incubated overnight at 4°C in the
presence of primary antibody. The primary and secondary antibodies used were in blocking
buffer. The antibodies used were: phospho and total p38 (sc7975, sc535); phospho and total
JNK' (#9251, #9252); phosphor and total ERK (#9101, #9102); phospho and total IxBa
(#2859, sc371); phospho and total AKT (#9271, #9272; PI3 Kinase p110y and B-actina
(#4252, #4970); GFAP (#3670) and Iba-1 (WAKO - Cat.016-20.001), IL-33 and B-actina
(sc98660, #4970). For evaluation of activity of mTOR were used 2 antibodies: p-mTOR (Ser
2448) (#2971) and p-mTOR (Ser 2481) (#2974) and secondary total mTOR (#2972) Protein
weights were measured against Precision Plus protein standards (Bio-Rad, Hercules, CA,
USA). After being washed in phosphate-buffered saline with Tween 20, the membrane was
incubated with a secondary antibody for 2 h at room temperature. Proteins were visualized by
chemiluminescence with ECL detection reagent (GE Healthcare-Amersham, Pittsburgh, PA,
USA). The membranes were reprobed with antibody to B-actin or to the total protein of

interest for use as loading control.

Experimental protocols

In the first series of experiments, CCl was induced in ST2"* and ST2 deficient (7). The
intensity of mechanical hyperalgesia was measured 1-23 days by the electronic pressure-
meter test. IL-33 expression was determined in spinal cord samples (L4-L6) by ELISA (7
days after CCI) and western blot (3, 7 and 14 days after CCI). Mice received IL-33 injection
(10, 30 and 100 ng, i.t.) and the mechanical hyperalgesia was between 1 - 48h. The dose of

100 ng of 1L-33 i.t. was used in all following experiments with injection of 1L-33. To confirm
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whether 1L-33 was acting on ST2, 1L-33 was injected in ST2” mice. 1L-33 was also injected
in CCI ST2*"* and ST2"" mice and the mechanical hyperalgesia was evaluated at 1 - 24h. ST2
deficient mice received i.t. injection of TNFa (1 ng) and IL-1B (1 ng) and the mechanical
hyperalgesia was evaluated at 1 - 24h. TNFa- and IL-1B-induced IL-33 production were
evaluated in the spinal cord 2h after injection. IL-33-induced hyperalgesia (1 — 24h) was also
target using TN FR1” mice and IL-1ra treatment. IL-33-induced production of TNFa and IL-
1B in the spinal cord as well as the effect of ST2” in CCl-induced production of TNFa and
IL-1B were determined at 2h and 7 days, respectively. To determine the molecular
mechanisms triggered by IL-33/ST2, mice were co-treated with IL-33 and one of the
following inhibitors: wortmanin (PIsK inhibitor; 1-10 pg), rapamycin (mTOR inhibitor; 1-10
pg), PD98059 (MEKL inhibitor, prevents ERK activation; 1-10 pg), SP600125 (JNK
inhibitor; 1-10 pg), SB202190 (p38 inhibitor; 1-10 pg) and PDTC (pyrrolidine
dithiocarbamate, NFkB inhibitor, 30 and 300 pg). Three, 7, 14 and 21 days after CCI in
ST2"* and ST27 mice, it was determined by western blot whether ST2 deficiency affected
the activation of those signaling pathways. Possible effect of IL-33/ST2 in glial cells was
evaluated by co-injection (i.t.) of IL-33 (100 ng) and minocycline (microglia inhibitor; 15, 50
and 150 pg) or fluorocitrate (astrocytes inhibitor; 0.53, 1.6 and 4.8) followed by evaluation of
mechanical hyperalgesia 1 - 7h. The effect of minocyclin and fluorocitrate on CCl-induced
mechanical hyperalgesia was also determined on day 7. The ST2-dependent expression of

Iba-1 and GFAP in CCI was evaluated by western blot.

Statistical analyses
Results are representative of two independent experiments and are presented as the means +

s.e.m. (n = 6 [Figs. 1-6, 9] or 4 [Figs. 7-8, 10] per group in each experiment). Two-way
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analysis of variance (ANOVA) was used to compare the groups and doses at all times when
the parameters were measured at different times after the stimulus injection. The analyzed
factors were treatments, time and time versus treatment interaction. One-way ANOVA
followed by Tukey’s t test was performed for each time. Comparison of two groups was

performed using t test. P<0.05 was considered significant.
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Results

ST2 deficiency (") inhibits Chronic Constriction Injury (CClI)-induced mechanical
hyperalgesia

CCl induced significant mechanical hyperalgesia between 3-23 days (Fig. 1A). After 23 days,
the mechanical hyperalgesia began to decline, but remained significant up to 35 days (data
not shown). CCl-induced mechanical hyperalgesia was inhibited in ST2”" mice (Fig. 1A). In
agreement, CCI induced significant IL-33 production in the spinal cord (L4-L6) compared to
sham 7 days after surgery as determined by ELISA (Fig. 1B) and at 3 and 7 days as
determined by western blot (Fig. 1C). It was also observed in a different model of
neurophatic pain, the spinal nerve ligation (SNL)-induced mechanical hyperalgesia was

reduced in ST2” compared to ST2"* mice (Supplementary Figure S1).

Intratechal injection of IL-33 induces and increases CCI mechanical hyperalgesia in a
ST2-dependent manner

The i.t. injection of IL-33 induced significant mechanical hyperalgesia with the three doses
tested (10, 30 and 100 ng/mice). Nevertheless, 100 ng of 1L-33 reached the highest response
and with significant differences compared to the other doses (Fig. 2A). Therefore, the dose of
100 ng of IL-33 was chosen for next experiments. The mechanical hyperalgesia induced by
i.t. injection of IL-33 was abolished in ST27 mice (Fig. 2B). Furthermore, i.t. injection of IL-

33 increased the mechanical hyperalgesia in CCI mice in a ST2-dependent manner (Fig. 3C).

TNFa and IL-1p induce IL-33/ST2-dependent mechanical hyperalgesia
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The i.t. injection of TNFa (Fig. 3A) and IL-1p (Fig. 3B) induced significant mechanical
hyperalgesia, which was abolished in ST2”" mice. Moreover, the i.t. injection of TNFa (Fig.

3C) and IL-1p (Fig. 3D) increased the production of IL-33 in the spinal cord (L4-L6).

IL-33 induces TNFa- and IL-1g-dependent mechanical hyperalgesia

The mechanical hyperalgesia induced by the i.t. injection of 1L-33 was reduced in TNFR1™"
(Fig. 4A) and IL-1ra treated (Fig. 4B) mice. Furthermore, IL-33 i.t. injection increased the
spinal levels of TNFa (Fig. 4C) and IL-1pB (Fig. 4D). The CCI-induced production of TNFa
(Fig. 4E) and IL-1B (Fig. 4F) was attenuated in ST2”" mice 7 (Fig. 4E and 4F) and 14 (data
not shown) days after surgery. Results of Figs. 3 and 4 indicate a cross-talk between I1L-33,

TNFa and IL-1p.

The i.t. injection of IL-33 induces mechanical hyperalgesia dependent on spinal
activation of PI3K, mTOR, MAP kinases and NFkB signaling in mice

Mice received i.t. co-injection of 1L-33 (100 ng) and one of the following inhibitors:
wortmanin (Fig. 5A, PI3K inhibitor), rapamycin (Fig. 5B, mTOR inhibitor), PD98059 (Fig.
5C, MEKZ1/2 inhibitor, prevents ERK1/2 activation), SB202190 (Fig. 5D, p38 inhibitor) or
SP600125 (Fig. SE, JNK inhibitor) at doses of 1, 3 and 10 pg/mice, or PDTC (Fig. 5SF, NFkB
inhibitor) at doses of 30 and 300 pg/mice. The dose of 10 pg/mice of wortmanin, rapamycin,
PD98059, SB202190 and SP600125, or the dose of 300 pg/mice of PDTC reached the
highest inhibitory effect over IL-33-induced mechanical hyperalgesia, and with significant
differences compared with the other doses. Therefore, I1L-33 hyperalgesia depends on spinal
activation of PI3K, mTOR p38, ERK, JNK, and NF«kB. The dose of 10 pg/mice for all

inhibitors except PDTC (300 pg/mice) were selected.
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CCl-induced mechanical hyperalgesia depends on spinal activation of PIsK, mTOR,
MAP kinases and NFkB signaling in mice

At 7 (Fig. 6) and 14 days (data not show) after CCl mice received an i.t. treatment with
wortmanin (Fig. 6A, PI3K inhibitor), rapamycin (Fig. 6B, mTOR inhibitor), PD98059 (Fig.
6C, MEKZ1/2 inhibitor, prevents ERK1/2 activation), SB202190 (Fig. 6D, p38 inhibitor) and
SP600125 (Fig. 5E, JNK inhibitor) at 10 pg/mice, and PDTC at 300 pg/mice (Fig. 6F). All
inhibitors reduced ongoing CClI-induced mechanical hyperalgesia in mice. Therefore, the
mechanisms triggered by i.t. injection of 1L-33 are relevant in CCl model and amenable by

I.t. treatment similarly to 1L-33.

IL-33/ST2 is required for activation of PI3sK, AKT and mTOR signaling in the spinal
cord of CCI mice

CCI induced significant mechanical hyperalgesia between 3-23 days show on Fig. 1A,
therefore, samples for determination of PIsK, AKT and mTOR were collected at days 3, 7, 14
and 21 days after CCI induction. Western blot for PI3K and B-actin, and 10D ratio (Fig. 7A),
phospho-AKT (Ser 473) and total AKT, and IOD ratio (Fig. 7B), phospho-mTOR (which is
phosphorylated at Ser2448 via P13 kinase/Akt signaling pathway) and total mTOR, and 10D
ratio (Fig. 7C), phospho-mTOR (autophosphorylated at Ser2481) and total mTOR, and 10D
ratio (Fig. 7D) were performed. The results showed that CCI induced an increase of
phosphorylation of PI3K (at days 3 and 7) (Fig. 7A), AKT at day 3 (Fig. 7B), mTOR on
residue Ser2448 at days 7, 14 and 21 (Fig. 7C) and mTOR on autophosphorylated residue at
day 3 (Fig. 7D). The effect of CCI on protein phosphorilation was reduced on ST2” mice in
the same time points. Therefore, the PIsK/ AKT/ mTOR pathway is relevant in CCIl-induced
hyperalgesia, and dependent on IL-33/ST2 signaling to be activated in the spinal cord

(Salmond et al., 2012).
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CCl-induced p38, ERK1/2, JNK and NFkB activation depends on IL-33/ST2 signaling
in mice

Western blot was performed in samples collected at days 3, 7, 14 and 21 after CCI surgery in
ST2*"* and ST2"" mice. Representative western blotting of phosphor-p38, total p38 and 10D
ratio (Fig. 8A), phosphor-ERK 1/2, total ERK 1/2 and 10D ratio (Fig. 8B), phosphor-JNK,
total INK and 10D ratio (Fig. 8C), phospho-IkBa (ser32), total IkBa and 10D ratio (Fig. 8D)
are shown as indicated. CCI induced the phosphorylation of p38 at days 3 and 7 (Fig. 8A),
ERK1/2 at day 7 (Fig. 8B) and JNK at days 3 and 7 (Fig. 8C), and degradation of IkB at days
7 and 14 (Fig. 8D). The CCl-induced activation of p38, ERK1/2, JNK and IkB/NF«xB was
reduced in ST2"" compared to ST2"* mice (Fig. 8). Therefore, CCl-induced spinal activation

of p38, ERK1/2, INK and NF«B depends on IL-33/ST2 signaling.

Autocrine glia activation depends on 1L-33/ST2 signaling in CCl-induced hyperalgesia

The i.t. treatment with minocycline (15, 50 and 150 pg/mice, microglia inhibitor (Lu, 2013)
(Fig. 9A) and fluorocitrate (0.53, 1.6 and 4.8 pg/mice, astrocytes inhibitor (Liu et al., 2012)
(Fig. 9B) reduced the mechanical hyperalgesia induced by i.t. injection of IL-33 (100 ng) in
mice. The doses of 50 pg/mice of minocycline and 1.6 pg/mice of fluorocitrate reached the
maximal inhibition when compared with the other doses tested. In the CCl model, the
treatment with minocycline (Fig. 9C) and fluorocitrate (Fig. 9D) at day 7 after surgery
reduced ongoing mechanical hyperalgesia in mice. Furthermore, minocycline and
fluorocitrate also reduced CCl-induced IL-33 levels in the spinal cord 3 h after treatment as
determined by ELISA (Fig. 9E). Therefore, microglia and astrocytes are activated by IL-33 in
the spinal cord as well as these cells participate in CCl-induced mechanical hyperalgesia and

IL-33 production.



73

The IL-33/ ST2 signaling are essential to glial cells activation in neuropathic pain

Western blot was performed in spinal cord (L4-L6) samples collected 3, 7, 14 and 21 days
after CCI surgery in ST2""* and ST2” mice. To determine the participation of glial cells in
the CCl-induced neuropathic pain, western blot was performed to determined the expression
of Iba-1 to evaluated the activation of microglia (Fig. 10A), and GFAP to determine
activation of astrocytes (Fig. 10B) using B-actin as control. Representative western blot of
Iba-1 (Fig. 10A) shows an increase of Iba-1 expression at days 3 and 7 in a ST2-dependent
manner. GFAP expression was increased at days 7 and 14 in a ST2-dependent manner.
Therefore, 1L-33/ST2 signaling participates in CCI-induced spinal cord activation of

microglia and astrocytes.
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Conclusion and Discussion

IL-33 is an intriguing molecule due to its pleiotropic roles. Despite the evidence of its
participation in inflammatory and cancer pain models, the role of IL-33/ST2 signaling in
neuropathic pain and molecular signaling nociceptive pathways remained to be determined.
In the present study, it was demonstrated that i.t. injection of IL-33 induces mechanical
hyperalgesia via ST2 and dependent on cytokines (TNFao and IL-1B), PIsK, mTOR, MAPK
and NF«kB, and glial cells. Moreover, CCl-induced mechanical hyperalgesia was dependent
on the same signaling pathways that were triggered in the spinal cord of CCI mice in a ST2-
dependent manner. Furthermore, there is an autocrine regulation of microglia and astrocytes
by 1L-33/ST2 in CCI.

IL-33/ST2 signaling mediates the cutaneous and articular mechanical hyperalgesia
induced by antigen challenge in mice by triggering the production of TNFa, IL-1p, IFNy, ET-
1 and PGE; (Verri et al., 2008). In the carrageenin model, it was observed that 1L-33/ST2
mediates the mechanical hyperalgesia, paw edema and cellular recruitment by inducing the
production of TNFa, CXCLI, IL-1B, ET-1 and PGE,. IL-33 also potentiated the hyperalgesic
effect of carrageenin (Zarpelon et al., 2013). In a model of bone cancer pain induced by
injection of 4T1 mammary carcinoma cells, the i.t. treatment with ST2 antibody or injection
in ST2"" mice reduced the mechanical and thermal hyperalgesia. Co-expression of 1L-33 and
GFAP was observed at basal conditions and the increase of spinal IL-1f, IL-6 and TNFa in

+/+

the bone cancer ST2™" group did not occur in ST2-/- mice (Zhao et al., 2013). In the formalin
model, ST2 deficiency or anti-ST2 antibody reduces the nociceptive responses (Han et al.,
2013; Magro et al., 2013) and i.t. injection of IL-33 induces paw lifting and licking (Han et
al., 2013). Therefore, the present knowledge on IL-33/ST2 role in pain is in agreement with

our first finding indicating a role for IL-33/ST2 in the further production of nociceptive

molecules (Verri et al., 2008). In the present study, it was also observed that i.t. injection of
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TNFa and IL-1B induce IL-33 production and mechanical hyperalgesia dependent on IL-
33/ST2 as well as i.t. injection of IL-33 mediates TNFa and IL-1f in the spinal cord and
induces hyperalgesia dependent on TNFo and IL-1p in the CCI model. 1L-33 i.t. injection
also increased CCI hyperalgesia. Importantly, CCI- and SNL-induced mechanical

+/+

hyperalgesia was reduced in ST2” compared to ST2*"* mice. Therefore, although our study
focused in the CCI model, the role of 1L-33/ST2 signaling might be wider and relevant in
other neuropathic pain condition.

It is important to advance in the intracellular molecular mechanisms triggered by IL-
33/ST2. In experimental settings not related to pain, it was observed in vitro that IL-33/ST2
triggers the activation of MAP kinases and NFkB (Schmitz et al., 2005), and one study
detected the activation of PI3K and mTOR by IL-33 (lvanov et al., 2010). In neuropathic pain
models, there is evidence of the participation of PIsK, mTOR, MAP kinases and NF«B. In the
CCI model, it was observed the participation of mTOR (Zhang et al., 2013), p38 (Kim et al.,
2002), ERK (Lim et al., 2003), JNK (Di Cesare Mannelli et al., 2010) and NF«xB (Chu et al.,
2012). Therefore, we reason that 1L-33/ST2 role in CCl-induced neuropathic pain could also
involve the signaling pathways previously described for 1L-33/ST2.

The mechanical hyperalgesia induced by i.t. injection of 1L-33 was diminished in a
dose-dependent manner by inhibitors of PIsK, mTOR, MAP kinases (p38, ERK1/2 and JNK)
and NFxB. In the CCI model, the same inhibitors reduced the hyperalgesia 7 days after
surgery, indicating that CCl-induced hyperalgesia depends on the same signaling pathways
triggered by IL-33/ST2. Furthermore, CCl-induced increased phosphorilation of PI3K, AKT,
mTOR, MAP kinases and NFkB, which was reduced in ST27 mice. Therefore, 1L-33/ST2
signaling contributes to CCl-induced mechanical hyperalgesia by triggering the activation of

PIsK, mTOR, MAP kinases (p38, ERK1/2 and JNK) and NF«kB. These data is in accordance

with the reduced production of TNFa and IL-1B in CCI ST2”" compared to ST2""* mice. Of
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note, to our knowledge, this is the first evidence that PIsK have a role in CCl-induced
neuropathic pain.

The time profile of western blot analysis of CCI neuropathic pain reveled that most of
the molecular mechanisms addressed were activated at days 3 and 7 except for NFxB (IxkB
degradation) that initiated at day 7 peaking at day 14. mTOR activation was the only
molecule with sustained activation at day 21, which is consistent with the activation of
lymphocytes by 1L-33 (Salmond et al., 2012) and the involvement of these cells latter on
neuropathic pain conditions.

IL-33 is produced by endothelial cells and astrocytes but not by microglia or neurons
in basal conditions (Yasuoka et al., 2011). This is in agreement with the observation of co-
localization of IL-33 and GFAP (Zhao et al., 2013). ST2 and IL-1RACP are expressed mainly
in microglia and astrocytes, which corroborates that IL-33 dose-dependently induces the
proliferation of microglia and enhances the production of pro-inflammatory cytokines TNFa
and IL-1p, and the anti-inflammatory cytokine IL-10 (Yasuoka et al., 2011). These data are in
accordance with the present results demonstrating that the hyperalgesia induced by i.t.
injection of IL-33 depends on the activation of microglia and astrocytes and that I1L-33/ST2
signaling is important for the activation of microglia and astrocytes during CCI neuropathic
pain condition. It is possible that IL-33 could activate astrocytes and endothelial cells to
produce TNFa and IL-1B, which in turn activate microglia and neurons. These cellular
communications mediated by 1L-33/ST2 signaling may also depend on disease context. In a
model of autoimmune encephalomyelitis, 1L-33 was co-expressed with NeuN and GFAP,
indicating the IL-33 presence in neurons and astrocytes, respectively. ST2 was co-expressed
with NeuN, indicating its expression in neurons (Jiang et al., 2012). Therefore, in the
autoimmune encephalomyelitis model, 1L-33 could be produced by neurons and astrocytes

and activate neurons.
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Concluding, IL-33/ST2 signaling is important in CCI- and SNL-induced neuropathic
pain. IL-33/ST2 mediates CCI neuropathic pain by triggering the production of cytokines
TNFa and IL-1B as well as activating intracellular signaling pathways named PIzK, mTOR,
MAP kinases (p38, ERK and JNK) and NF«xB with activation of microglia and astrocytes.
Therefore, the prominent role of 1L-33/ST2 signaling in neuropathic pain and other pain

conditions, suggest it as a promising analgesic target to be further investigated.
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Figure legends

Fig. 1. IL-33/ST2 mediates chronic constriction injury (CCl)-induced hyperalgesia. CClI
or sham operation was induced in ST2"* and ST2" mice. Mechanical hyperalgesia was
evaluated at indicated time points (panel A). IL-33 levels were determined 7 days after CCI
induction by ELISA (Panel B) and 3 and 7 days by western blot (Panel C). n = 6,
representative of 2 separated experiments. *P < 0.05 compared to sham group and #P < 0.05

compared to CCI ST2*"* group.

Fig. 2: Intratechal (i.t.) injection of IL-33 induces ST2-dependent hyperalgesia in naive
mice and CCI mice. IL-33 (10, 30 and 100 ng) was injected i.t. in ST2** naive mice (Panel
A), I1L-33 (100 ng) was injected in naive ST2"* and ST2” mice (Panel B). IL-33 (100 ng)
was injected in ST2** and ST2"-induced CCI mice (Panel C). Mechanical hyperalgesia was
evaluated at 1-48h in naive mice, and at 7 days after CCI induction IL-33 was injected and
mechanical hyperalgesia determined between 1-24h. n = 6, representative of 2 separated
experiments. *P < 0.05 compared to saline or sham group, #P < 0.05 compared to IL-33 at

10ng, 1L-33 in ST2*"* mice or vehicle ST2** CClI group.

Fig. 3: TNFo and IL-1p induce IL-33/ST2-dependent mechanical hyperalgesia. ST2**
and ST2" received 1 ng of TNFa (Panel A) or IL-1B (Panel B) it., and mechanical
hyperalgesia was evaluated 1-24 h after. 1L-33 levels in the spinal cord (L4-L6) were
determined 2 h after i.t. injection of 1 ng of TNFa (Panel C) or IL-1p (Panel D) by ELISA. n
= 6, representative of 2 separated experiments. *P < 0.05 compared to saline group and #P <

0.05 compared to TNFa ST2*"* or IL-p ST2*'* group.
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Fig. 4: IL-33 induces TNFa- and IL-1p-dependent mechanical hyperalgesia. 1L-33 was
injected (100 ng, i.t.) in naive TNFR1™ (Panel A) or IL-1ra treated (Panel B) mice and the
mechanical hyperalgesia was evaluated 1-7h after. Two h after IL-33 i.t. injection, spinal cord
samples were collected for TNFa (Painel C) and IL-1p (Panel D) measurement by ELISA.
Seven days after CCI, TNFa (Panel E) and IL-1p (Panel F) levels were determined by ELISA
in ST2"* and ST2" mice. n = 6, representative of 2 separated experiments. *P < 0.05
compared to saline or sham group and #P < 0.05 compared to IL-33 TNFR1""*, IL-33 vehicle

of IL-1ra or CCI ST2*""* group.

Fig. 5: The i.t. injection of I1L-33 induces mechanical hyperalgesia dependent on spinal
activation of PI3K, MAP kinases, NFkB and mTOR in mice. Mice received co-injection
of IL-33 (100 ng) and one of the following drugs: wortmanin (PI3K inhibitor; 1-10 ug)
(Panel A), rapamycin (mTOR inhibitor; 1-10 pg) (Panel B), PD98059 (MEKZ1 inhibitor,
prevents ERK activation; 1-10 pg) (Panel C), SP600125 (JNK inhibitor; 1-10 pg) (Panel D),
SB202190 (p38 inhibitor; 1-10 pg) (Panel E) and PDTC (pyrrolidine dithiocarbamate, NFxB
inhibitor, 30 and 300 pg) (Panel F). Mechanical hyperalgesia was evaluated at indicated time
points after IL-33 injection. n = 6, representative of 2 separated experiments. *P<0.05
compared saline group. #P<0.05 compared to vehicle + IL-33 group. **P<0.05 compared to

the lower dose of drug tested. One-way ANOVA followed by Tukey’s t test.

Fig. 6: Participation of PI3K, MAP kinases, NFkB and mTOR in CCI-induced
mechanical hyperalgesia. The mechanical hyperalgesia of CCI mice was evaluated at the 6"
to 8™ days after surgery. In the 7™ day, mice were treated with one of the following drugs:
wortmanin (PI3K inhibitor; 10 pg) (Panel A), rapamycin (mTOR inhibitor, 10 pg) (Panel B),

PD98059 (MEKZ1 inhibitor; 10 pg) (Panel C), SP600125 (JNK inhibitor; 10 pg) (Panel D),
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SB202190 (p38 inhibitor; 10 pg) (Panel E) and PDTC (NF«B inhibitor; 300 pg) (Panel F).
Mechanical hyperalgesia was evaluated at indicated time points after treatment. n = 6,
representative of 2 separated experiments. *P<0.05 compared to CCI control group. One-way

ANOVA followed by Tukey’s t test.

Fig. 7. Spinal activation of AKT, PI3K and mTOR during CCI. CCI or sham operation

+/+

was induced in ST2*"* and ST2” mice and representative Western blot was realized 3, 7, 14
and 21 days after surgery. Representative Western blots of PI3 kinase p110y and B-actin
(Panel A), Phospho AKT (Ser 473), total AKT and quantification of relative levels of AKT
(Panel B), phospho mTOR (phosphorylated at Ser2448 via PI3 kinase/ Akt signaling
pathway) and total mTOR (Panel C), phospho mTOR (autophosphorylated at Ser2481) and
total mTOR (Panel D). n = 4, representative of 2 separated experiments. *P < 0.05 compared

+/+

to sham group and #P < 0.05 compared to CCI ST2™" group.

Fig. 8. Spinal activation of MAP kinases and NFkB during CCI. CCI or sham operation
was induced in ST2*"* and ST2”" mice and representative Western blot was realized 3, 7, 14
and 21 days after surgery. Representative Western blots of phospho p38, total p38 and
quantification of relative levels of p38 (Panel A), phospho ERK 1/2 and total ERK 1/2 (Panel
B), phospho JNK and total INK (Panel C), Phospho IkBa (ser32) and total IxBa (Panel D). n
= 4, representative of 2 separated experiments. *P < 0.05 compared to sham group and #P <

0.05 compared to CCI ST2** group.

Fig. 9: The i.t. injection of 1L-33 and CCI-induces mechanical hyperalgesia dependent
of microglia and astrocytes in mice. Mice received co-injection (i.t.) of IL-33 (100 ng) and

minocycline (microglia inhibitor; 15, 50 and 150 pg) (Panel A) or fluorocitrate (astrocytes
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inhibitor; 0.53, 1.6 and 4.8) (Panel B). Mechanical hyperalgesia was evaluated at indicated
time points after 1L-33 injection. The mechanical hyperalgesia of CCI mice was evaluated at
the 6" to 8" days after surgery. In the 7" day, mice were treated with minocycline (Panel C)
and fluorocitrate (Panel D), and the spinal cord was collected for IL-33 level analysis (Panel
E). n = 6, representative of 2 separated experiments.*P<0.05 compared saline group. #P<0.05
compared to vehicle + IL-33 group. **P<0.05 compared to the lower dose of drug tested.

One-way ANOVA followed by Tukey’s t test.

Fig. 10. Microglia and astrocytes are important cells during CCI. CCI or sham operation

+/+

was induced in ST2*"* and ST2" mice and representative Western blot was realized 3, 7, 14
and 21 days after surgery. Representative Western blots of Iba-1 and B-actin (Panel A) and
GFAP and B-actin (Panel B). Quantification of relative levels of Iba-1 (Panel A), GFAP
(Panel B). n = 4, representative of 2 separated experiments. *P < 0.05 compared to sham

group and #P < 0.05 compared to CCI ST2** group.
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Fig. 1. IL-33/ST2 mediates chronic constriction injury (CCl)-induced hyperalgesia. CClI
or sham operation was induced in ST2"* and ST2”" mice. Mechanical hyperalgesia was
evaluated at indicated time points (panel A). IL-33 levels were determined 7 days after CCI
induction by ELISA (Panel B) and 3 and 7 days by western blot (Panel C). n = 6,
representative of 2 separated experiments. *P < 0.05 compared to sham group and #P < 0.05

+/+

compared to CCI ST2™" group.
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Fig. 2: Intratechal (i.t.) injection of IL-33 induces ST2-dependent hyperalgesia in naive
mice and CCI mice. IL-33 (10, 30 and 100 ng) was injected i.t. in ST2*"* naive mice (Panel
A), IL-33 (100 ng) was injected in naive ST2** and ST2” mice (Panel B). IL-33 (100 ng)
was injected in ST2** and ST2"-induced CCI mice (Panel C). Mechanical hyperalgesia was
evaluated at 1-48h in naive mice, and at 7 days after CCI induction 1L-33 was injected and
mechanical hyperalgesia determined between 1-24h. n = 6, representative of 2 separated
experiments. *P < 0.05 compared to saline or sham group, #P < 0.05 compared to IL-33 at

10ng, IL-33 in ST2*"* mice or vehicle ST2*"* CCI group.
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Fig. 3: TNFa and IL-1p induce IL-33/ST2-dependent mechanical hyperalgesia. ST2**
and ST2" received 1 ng of TNFa (Panel A) or IL-1p (Panel B) i.t., and mechanical
hyperalgesia was evaluated 1-24 h after. 1L-33 levels in the spinal cord (L4-L6) were
determined 2 h after i.t. injection of 1 ng of TNFa (Panel C) or IL-1p (Panel D) by ELISA. n
= 6, representative of 2 separated experiments. *P < 0.05 compared to saline group and #P <

0.05 compared to TNFa ST2** or IL-B ST2*"* group.



92

Figure 4
A B
. . ~
= 2 7 P
-;T;) . 6 _{;i‘ 6 o |
e . . - =)
£ 5 i 825 ?
> 25
=8 4 = .2
£ 0 1 -3 i :
'5 5 = | ‘-) g 3 » o
29 2 » & # ¥ 72 T V-1
g2 1 3 s :
O~ ~ 0 pe =
3 5 7 1 3 5 7
Time (h) Time {h)
o ~Saline
INFR i B Saline & \Vehicle « |L-33 (100 ng)
® TNFR1"" IL-33 (100 ng) o-|L-1ra + IL-33 (100 ng)
STNFR1™ IL-33 {100 ng) )
C IL-33 i.t.) D
-'{,7 250 - r—¥ 200 IL-33 (i1)
£ 200 2
S :'-3 1504
g 150 g
g o 100
=) 1004 ) 'D‘
a Saline (i.L) g’ 50! Salne (i)
3 50 =
s L2
Zz ]
= ol = g
L ) F cel
-g* 250 CCl e 250
= 200 2 2001
B 5
; =
£ 150 2 150
;—,: o = Sham
’9" Ehans o ; 100 ) 3
= 50 = 50 ’
oo =
ST2 ST2 ST2 8712

Fig. 4: 1L-33 induces TNFa- and IL-1p-dependent mechanical hyperalgesia. IL-33 was
injected (100 ng, i.t.) in naive TNFR1”" (Panel A) or IL-1ra treated (Panel B) mice and the
mechanical hyperalgesia was evaluated 1-7h after. Two h after I1L-33 i.t. injection, spinal
cord samples were collected for TNFa (Painel C) and IL-1B (Panel D) measurement by
ELISA. Seven days after CCI, TNFa (Panel E) and IL-1p (Panel F) levels were determined
by ELISA in ST2*"* and ST2” mice. n = 6, representative of 2 separated experiments. *P <
0.05 compared to saline or sham group and #P < 0.05 compared to 1L-33 TNFR1"*, IL-33

vehicle of IL-1ra or CCI ST2*"* group.
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Fig. 5: The i.t. injection of 1L-33 induces mechanical hyperalgesia dependent on spinal
activation of PI3K, MAP kinases, NFkB and mTOR in mice. Mice received co-injection
of IL-33 (100 ng) and one of the following drugs: wortmanin (PI3K inhibitor; 1-10 ug)

(Panel A), rapamycin (mTOR inhibitor; 1-10 pg) (Panel B), PD98059 (MEK1 inhibitor,
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prevents ERK activation; 1-10 pg) (Panel C), SP600125 (JNK inhibitor; 1-10 pg) (Panel D),
SB202190 (p38 inhibitor; 1-10 pg) (Panel E) and PDTC (pyrrolidine dithiocarbamate, NFxB
inhibitor, 30 and 300 pg) (Panel F). Mechanical hyperalgesia was evaluated at indicated time
points after IL-33 injection. n = 6, representative of 2 separated experiments. *P<0.05
compared saline group. #P<0.05 compared to vehicle + 1L-33 group. **P<0.05 compared to

the lower dose of drug tested. One-way ANOVA followed by Tukey’s t test.
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Fig. 6: Participation of PI3K, MAP kinases, NFkB and mTOR in CCI-induced
mechanical hyperalgesia. The mechanical hyperalgesia of CCI mice was evaluated at the 6™
to 8™ days after surgery. In the 7™ day, mice were treated with one of the following drugs:
wortmanin (PI3K inhibitor; 10 pg) (Panel A), rapamycin (mTOR inhibitor, 10 pg) (Panel B),
PD98059 (MEKZ1 inhibitor; 10 ug) (Panel C), SP600125 (JNK inhibitor; 10 pg) (Panel D),
SB202190 (p38 inhibitor; 10 pg) (Panel E) and PDTC (NF«B inhibitor; 300 ug) (Panel F).
Mechanical hyperalgesia was evaluated at indicated time points after treatment. n = 6,
representative of 2 separated experiments. *P<0.05 compared to CCI control group. One-way

ANOVA followed by Tukey’s t test.
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Fig. 7. Spinal activation of AKT, PI3K and mTOR during CCI. CCI or sham operation
was induced in ST2*"* and ST2” mice and representative Western blot was realized 3, 7, 14
and 21 days after surgery. Representative Western blots of PI3 kinase p110y and B-actin
(Panel A), Phospho AKT (Ser 473), total AKT and quantification of relative levels of AKT
(Panel B), phospho mTOR (phosphorylated at Ser2448 via PI3 kinase/ Akt signaling
pathway) and total mTOR (Panel C), phospho mTOR (autophosphorylated at Ser2481) and

total mMTOR (Panel D). n = 4, representative of 2 separated experiments. *P < 0.05 compared



to sham group and #P < 0.05 compared to CCI ST2
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group.
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Fig. 8. Spinal activation of MAP kinases and NFkB during CCI. CCI or sham operation

+/+

was induced in ST2*"* and ST2” mice and representative Western blot was realized 3, 7, 14
and 21 days after surgery. Representative Western blots of phospho p38, total p38 and
quantification of relative levels of p38 (Panel A), phospho ERK 1/2 and total ERK 1/2 (Panel
B), phospho JNK and total INK (Panel C), Phospho IkBa (ser32) and total IkBa (Panel D). n

= 4, representative of 2 separated experiments. *P < 0.05 compared to sham group and #P <

0.05 compared to CCI ST2*"* group.
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Fig. 9: The i.t. injection of 1L-33 and CClI-induces mechanical hyperalgesia dependent
of microglia and astrocytes in mice. Mice received co-injection (i.t.) of IL-33 (100 ng) and

minocycline (microglia inhibitor; 15, 50 and 150 pg) (Panel A) or fluorocitrate (astrocytes
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inhibitor; 0.53, 1.6 and 4.8) (Panel B). Mechanical hyperalgesia was evaluated at indicated
time points after 1L-33 injection. The mechanical hyperalgesia of CCI mice was evaluated at
the 6" to 8" days after surgery. In the 7" day, mice were treated with minocycline (Panel C)
and fluorocitrate (Panel D), and the spinal cord was collected for IL-33 level analysis (Panel
E). n = 6, representative of 2 separated experiments.*P<0.05 compared saline group. #P<0.05
compared to vehicle + IL-33 group. **P<0.05 compared to the lower dose of drug tested.

One-way ANOVA followed by Tukey’s t test.
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Fig. 10. Microglia and astrocytes are important cells during CCI. CCI or sham operation
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was induced in ST2** and ST2” mice and representative Western blot was realized 3, 7, 14
and 21 days after surgery. Representative Western blots of Iba-1 and B-actin (Panel A) and
GFAP and B-actin (Panel B). Quantification of relative levels of Iba-1 (Panel A), GFAP
(Panel B). n = 4, representative of 2 separated experiments. *P < 0.05 compared to sham

group and #P < 0.05 compared to CCI ST2** group.



5. Conclusées

No primeiro artigo, “IL-33/ST2 signalling contributes to carrageenin-induced
innate inflammation and inflammatory pain: role of cytokines, endothelin-1 and
prostaglandin E2” demonstramos que a IL-33/ST2 esta envolvida na hiperalgesia
mecanica, recutamento de leucécitos e edema induzida pela carragenina. Os
mecanismos envolvem a producdo de citocinas proé-inflamatérias, endotelina-1 e
prostaglandina E,. Esses dados reforcam a importancia da sinalizacdo da IL-33/

ST2 na dor e inflamagéao inata induzida pela carragenina.

Carragenina
I

[ ]IL-33/5T2
TNFa

| / KC
IL-18

[
ET-1
|
PGs Aminas Simpaticas

|

Sensibilizacao dos Nociceptores

!

Hiperalgesia

Esquema representativo da cascata de citocinas envolvidas na hiperalgesia
inflamatéria. A carragenina induz a liberacdo sequencial de mediadores
intermediarios (citocinas), culminando com a producéo final de prostanodides (PGs) e
aminas simpaticas, as quais sdo capazes de sensibilizar diretamente o nociceptor. A
IL-33 pode estar sendo produzida em resposta ao dano pela carragenina, além

disso, estar induzindo a producéo de citocinas pro-inflamatorias e endotelinas. Outro
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fator importante, € que a IL-33 pode estar atuando sinergicamente com a
carragenina. Modificado de CUNHA et al., 2005, PNAS.

No segundo artigo, “Interleukin-33/ST2 signaling mediates chronic
constriction injury-induced neuropathic pain in mice: Participation of spinal PI3K,
MTOR, MAP kinases, NFkB, and glia”, & possivel concluir que a participacdo da IL-
33 é necesséria na dor neuropatica apos a injuria periférica do nervo. Apos a injaria
periférica ocorre a liberacdo de mediadores, tais como as citocinas IL-1B, TNFa e IL-
33. A sinalizacao induzida pela IL-33/ST2 depende da ativagédo de PI3;K, AKT, MAP
quinases (ERK, JNK e p38), NFkB e mTOR. Dessa forma, a IL-33 € um importante
alvo na redugcdo da dor neuropatica, entretanto, ainda sdo necessarios mais
entendimentos para conclusdes efetivas da ativagao celular, bem como o papel de
cada célula no processo. Com os dados de Zhao et al., 2013 e Salmond et al.,
2012, podemos sugerir um possivel mecanismo de interacdo molecular e celular e
participacdo da IL-33, que incluem IL-33-> ST2 -> PI3K ou mTORC1. PI3K >
MTORC1 e C2 - citocinas pro-inflamatdrias, entretanto ainda sdo necessario mais
experimentos para determinacdo de uma ativacdo temporal no modelo de dor

neuropatica.





